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Listeria monocytogenes: from soil organism to human pathogen 

Bacterial survival in many different environments requires a good strategy and the 
ability to rapidly adapt. Listeria monocytogenes is such a bacterium which is capable 
of thriving in many different environments [1]. L. monocytogenes can be considered 
a soil organism, a human pathogen and an inhabitant of foods and food-processing 
settings. In these different niches, many types of stress can be encountered [2] which 
include amongst others the limited availability of nutrients in the soil, heat treatments 
during food processing, low temperature during storage of food products and the 
low pH of the stomach [1]. During its transmission from soil to the human host, L. 
monocytogenes has to cope with a range of stresses and indeed, L. monocytogenes 
is one of the most robust non-spore forming foodborne pathogens. This ubiquitous 
pathogen can grow under a wide range of temperatures, from ~0°C to 45°C and it 
can tolerate high salt concentrations up to 12% (w/v). The minimum pH required for 
growth is generally around pH 4.3 [3]. This wide range of environmental conditions 
under which L. monocytogenes can grow and survive make it a difficult pathogen to 
eliminate from food processing environments. Notably, L. monocytogenes is in the 
top three of agents causing death due to foodborne disease [4], which highlights the 
importance of effective measures for L. monocytogenes control. A lot of scientific 
research has focused on understanding the mechanisms behind the ability of L. 
monocytogenes to survive, grow and adapt under suboptimal conditions as better 
understanding of foodborne pathogens, including their behaviour and natural 
habitats will lead to better control measures in food production. 

Ecological niches 

Due to its robustness and adaptive behaviour, L. monocytogenes can be present 
in different ecological niches. The transmission cycle of L. monocytogenes and the 
different niches encountered during this transmission cycle are displayed in Figure 
1.1. L. monocytogenes is ubiquitously present in the environment, and soil was 
shown to be an important niche [5-7]. The incidence of L. monocytogenes in soil is 
relatively high and was reported to be between 8 and 44% of analysed soil samples 
[7]. The concentration on the other hand is relatively low and in most cases reported 
to be in the order of magnitude of 1-100 cfu/g in positive samples [8]. Soil types 
and characteristics can be very different between geographical regions and these 
characteristics can have a strong effect on L. monocytogenes survival [9]. 

Soil pH seems to be an important determinant for L. monocytogenes survival as 
well. Survival for more than 32 days in soils of pH of 6.5 and 6.9 was observed, while 
it did not persist for more than 6 days in a forest soil characterized by a low pH of 
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5.2 [5].The temperature in soil can vary, depending on the geographical location and 
the season. Higher survival of L. monocytogenes was observed at lower temperature 
[6], although at higher altitude, and thus lower temperature, the incidence was 
lower than at lower altitudes, most likely related to less human and animal contact 
in these higher areas [9]. Animals are another reservoir for L. monocytogenes and 
the bacterium has been frequently isolated from livestock, with a higher incidence 
in cattle than in sheep and pigs [5]. Animal products like raw milk, can be a direct 
source of human contamination, but are also an important transmission vehicle 
towards food processing environments. From either soil directly or from animal 
faeces, plant produce can get contaminated by L. monocytogenes as well, which is 
another important vehicle, as well as a transmission route towards food processing 
environments [10]. Although fresh produce and animal products can be a cause of 
L. monocytogenes infection in humans, infections mostly occur through processed 
food products like deli meats [11, 12]. Once present in food processing environments, 
L. monocytogenes can be a difficult pathogen to eliminate and persistent presence in 
food processing facilities is repeatedly reported [13-15].

Soil

Plants

Food processing

Food

Human body

Animals

Figure 1.1: Schematic representation of the transmission cycle and different ecological niches of Listeria 
monocytogenes. 
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Biofilm formation 

When present in natural or food processing environments, L. monocytogenes can 
switch to a biofilm life cycle [16]. A biofilm is a microbiologically derived sessile 
community characterized by cells that are irreversibly attached to a surface or to 
each other, are embedded in a matrix of extracellular polymeric substances and 
exhibit an altered phenotype with respect to growth rate and gene expression [16]. 
Biofilms are a challenge for the food industry, because they are difficult to remove 
from processing lines. Bacteria within biofilms show increased resistance towards 
cleaning and disinfection strategies compared to their planktonic counterparts 
[13, 17]. There are several potential causes for the increased resistance of biofilms. 
One of them can be attributed to the protected environment at the inner layers of 
the biofilms. Also, cells embedded in a biofilm were shown to grow slower than in 
planktonic cultures and reduced growth rate has been implicated with increased 
resistance to environmental stresses [16]. The ability to form biofilms on surfaces is 
dependent on several environmental conditions. Temperature was shown to be an 
important factor in initial adherence to surfaces, with a higher adherence potential 
at higher temperatures [18-20]. Also nutrient availability, pH and the presence 
of other microflora are important determinants in biofilm formation [17, 20, 21]. 
Heterogeneity exists within biofilms, because the conditions at different locations in 
the biofilm are different. Oxygen and nutrient availability are variable depending on 
the age and location of the biofilm and this leads to differences in gene expression 
[22, 23]. Also in biofilms, the potential to adapt to different environments assists 
in the survival and persistent presence of L. monocytogenes in food processing 
environments. Biofilms are thought to be a major source of contamination in 
food processing facilities, mostly as a result of detachment of cells from biofilms 
which end up in food products [13, 23, 24]. The contamination of products with L. 
monocytogenes is often associated with contaminated equipment or environments 
during processing and especially when the product supports growth of L. 
monocytogenes, this might be a potential food safety issue [17]. This is highlighted 
by for example the large listeriosis outbreak that occurred in Canada in 2008, which 
was attributed to sliced deli meats [25]. Contaminated mechanical meat slicers were 
identified as the most likely source of L. monocytogenes contamination of the deli 
meats [26]. L. monocytogenes was already found to be present in the production 
facilities in the weeks prior to the outbreak but sanitation procedures used prior to 
the outbreak were ineffective. Outbreaks like the one reported in Canada in 2008, 
which was responsible for 57 people ill and 22 deaths, highlights the importance of 
effective measures to control L. monocytogenes in food processing environments.
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Adaptation to niches

Apart from its robustness and ability to form biofilms, L. monocytogenes has great 
potential to adapt to rapidly changing environments. This ability is mostly due to the 
presence of several sigma factors [27]. Sigma factors are subunits of RNA polymerase 
which are responsible for recognition of the promotor region for a certain gene and 
for transcription initiation of that gene. By transcription initiation, sigma factors 
enable expression of new sets of genes under changing environmental conditions [2]. 
Alternative sigma factors, like σB, are inactive when the cells are not stressed, but when 
a stressful environment is encountered, rapid activation of the alternative sigma factor 
and thus gene expression involved in general or specific stress response is initiated. σB 
has been shown to be involved in the response to different types of stress that can be 
encountered outside the host as well as inside the host [28-30]. σB can be considered a 
major factor in the ability of L. monocytogenes to withstand different harsh conditions 
and it can therefore contribute to its ubiquitous presence in different environmental 
niches. The ability to adapt to different niches and the problems this can cause is 
highlighted by several outbreaks in the last decades. 

Foodborne pathogen

Most of the human L. monocytogenes infections are foodborne [13]. Upon ingestion, 
L. monocytogenes switches from soil bacterium to human pathogen and a whole range 
of other stresses is encountered before successful invasion. Throughout this infection 
route, a number of hurdles have to be overcome [31, 32]. The low pH in the stomach 
is the first hurdle and has the purpose of keeping harmful bacteria outside. The pH 
of the gastric fluid within the stomach is usually around pH 1.5, but can increase to 
between pH 3 and 5 after eating [33]. After stomach passage, L. monocytogenes enters 
the blood stream via the intestinal epithelium and subsequently moves to the liver and 
spleen. Whereas the healthy part of the human population mostly has to deal with 
flu-like symptoms or self-limiting gastrointestinal complaints upon L. monocytogenes 
infection, listeriosis is a significant health risk for new-born infants, elderly people, 
immunocompromised people and pregnant women and their foetus [12, 34]. Although 
the number of L. monocytogenes outbreaks and sporadic cases are relatively low, the 
impact of such outbreaks is very significant with a case-fatality rate usually as high 
as 20–30% [12]. L. monocytogenes is therefore amongst the foodborne pathogens 
causing most deaths annually [35, 36] and the highest number of disability adjusted 
life years per case [37]. Examples of recent outbreaks are the Canada outbreak 
discussed above, and a large L. monocytogenes outbreak in the US in 2011 which was 
attributed to contaminated cantaloupes. The contamination source in this outbreak 
was most likely a combination of unsuitable equipment and pour hygienic practices 
during cleaning and storage of the whole cantaloupes. This outbreak resulted in 147 
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people ill and 22 deaths [38]. The high burden of disease, high mortality rate and the 
high cost of illness of around $2.6 billion in the US in 2012 [39] definitely make L. 
monocytogenes a pathogen of major concern and the topic of research for many years 
since its recognition as foodborne pathogen in the 1980s [40].

Population heterogeneity

Non-linear inactivation

Due to the serious nature of listeriosis the regulations for L. monocytogenes in food 
products are very strict and L. monocytogenes must be absent in 25 grams in products 
that support growth of L. monocytogenes (5 samples) or are intended for infants and 
special medical purposes (10 samples) [41]. As mentioned above, L. monocytogenes 
can be present in raw materials or in food processing environments and therefore 
most food products receive a processing step to inactivate not only L. monocytogenes 
but also other pathogens and spoilage organisms. When all individuals in a bacterial 
population behave identical, the survival curve upon a processing step will follow first 
order kinetics, resulting in a linear inactivation curve when the number of survivors is 
plotted on a logarithmic scale against time [42]. In practice, linear inactivation curves 
are the exception rather than the rule and often, the presence of a shoulder and/or a 
tail is observed [43]. The presence of a shoulder can indicate that some time is needed 
before the cells are affected by the stress and is more often observed upon exposure 
to mild stress. Shoulders can also be caused by clumping of the cells and with more 
severe stress exposure, the shoulder length generally decreases [42]. The presence of a 
tail indicates that a part of the population is more resistant to the stress than the main 
population. Significant tailing upon inactivation treatment has also been reported for 
multiple types of stress, including acid and high hydrostatic pressure inactivation [44, 
45] and for several microorganisms [46]. An example of tailing is shown in Figure 1.2

# 
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Figure 1.2: Schematic representation of tailing of an inactivation curve (black line) versus linear 
inactivation (grey line) upon stress exposure of a bacterial population.
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Heterogeneity in stress response

The presence of tailing indicates a heterogeneous stress response and the presence 
of different phenotypes. Generating variable phenotypes may be beneficial for the 
survival of the population under adverse conditions, although in many cases it is 
a process that costs a lot of energy. Heterogeneity might not be ideal for bacteria 
under homogenous conditions but mathematical studies support the idea that in a 
variable environment a heterogeneous population can outcompete a homogeneous 
population [47].  A heterogeneous stress response of a bacterial population can have 
several causes and can roughly be divided in phenotypic and genotypic heterogeneity. 
Generally, upon transfer to a stressful environment, bacteria activate adaptive stress 
networks, leading to transcription, translation and activation of stress-related 
cellular components. Heterogeneity in the expression of these stress regulatory 
genes, which are not caused by mutations, are considered to underlie phenotypic 
heterogeneity and can have several causes [48]. Bistability is one such example 
and occurs in populations of genetically identical cells, grown in homogeneous 
and identical environments and is considered a stochastic process [49]. Bistability 
is the phenomenon in which expression of certain genes is high in one part of the 
population and low in another part of the population. This difference is caused by 
random stochastic fluctuations in biochemical reactions in the cell. At the population 
level this results in two different phenotypes within the population [47]. Another 
strategy that results in a phenotypically heterogeneous stress response is bet-
hedging [47]. Bet-hedging will increase the overall fitness of the population because 
some offspring will have the correct adaptation for any given situation. An example 
of bet-hedging is the presence of cells in a dormant, non-dividing state which confers 
increased stress resistance, also referred to as bacterial persisters. This phenotype is 
classified as a transient characteristic [50], which is expressed by almost all bacterial 
species and was recently also confirmed in L. monocytogenes [51]. Mechanisms of 
bacterial persister formation are not well understood as they are small in numbers 
and transient and can change with the type of stress and environment. The switch 
from normal growth to persistence and vice versa is stochastic and epigenetic in 
nature [52]. Recent findings have shown that a variety of environmental conditions 
can induce the formation of persister subpopulations, including starvation, carbon 
source transitions, DNA damage-induced SOS response, and exposure to antibiotics 
[53, 54]. Because of their dormant, stress resistant phenotype, bacterial persisters 
are likely objects to become domestic flora in food production lines or to end up 
in biofilms. When the same strain is isolated from the same niche two or more 
times with some time in between, this is also referred to as persistence. However, 
their reoccurrence is not necessarily caused by bet-hedging, which makes the term 
‘persisters’ confusing. Persistent presence of strains in natural or food production 
niches can also be caused by other types of heterogeneity or strain characteristics. 
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Stable stress resistant variants

Another cause for tailing of inactivation curves can be the presence of stable 
stress resistant variants. The difference between tailing caused by physiological 
heterogeneity and the presence of stable resistant variants is that physiological 
characteristics are transient; when survivors of the tail are sub-cultured and exposed 
to stress again, they will show an equal sensitivity as the main population. Stable 
stress resistant variants on the other hand harbour a mutation which makes them 
more stress resistant than the main population. Although both transient and stable 
resistance may be relevant in food processing, stable resistant variants are the main 
topic of the work in this thesis. The difference between tailing caused by phenotypic 
and genotypic heterogeneity is illustrated in Figure 1.3.
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Figure 1.3: Schematic presentation of genotypic and phenotypic heterogeneity.  (A) Tailing is observed 
upon stress exposure. The population in the tail consists of both phenotypically more resistant cells 
(green colonies) and stable resistant variants (blue and orange colonies) (A). When colonies are randomly 
selected and inoculated in fresh medium followed by repeated propagation providing a genetically stable 
culture (B) and tested on stress resistance again, the phenotypically resistant isolates (green) show the 
same kinetic as the initial WT and the stable resistant variants show increased stress resistance (C). 
Adapted from Abee et al. [55].

The presence of a stable stress resistant variant has been established and described 
in detail for L. monocytogenes exposed to high hydrostatic pressure (HHP). 
Karatzas and Bennik [56] were the first to isolate a pressure tolerant variant of L. 
monocytogenes Scott A after a single exposure of a mid-exponential phase culture to 
400 MPa for 20 minutes. Besides an increased tolerance towards HHP, the variant 
was characterized by reduced growth rate over a temperature range of 8-30°C, 
lower final OD600, the variant was immotile and the cells were about twice as long 
as the WT cells. The variant showed increased resistance to heat, acid and hydrogen 
peroxide as well. Later it was found that the increased resistance of this variant was 
due to a deletion of 3 basepairs in the glycine repeat region of ctsR, resulting in a 
single amino acid deletion [57]. ctsR encodes a Class III heat shock repressor, which 
negatively regulates the clp heat shock genes. The observed deletion in ctsR resulted 
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in a defect in the repressor function of CtsR with a constant activation of the Clp 
proteases and increased stress resistance as a result. It was shown that this type of 
stable stress resistant variant was not a single case for this specific strain, as later 
more ctsR variants of different L. monocytogenes strains were isolated upon HHP 
exposure [45, 58, 59]. Van Boeijen et al. [60] showed that also heat exposure leads 
to selection for stable stress resistant variants with a mutation in ctsR. However, 
not all the isolated heat and HHP resistant variants had a mutation in their ctsR 
gene, indicating other underlying mechanisms that still have to be unravelled. An 
extensive phenotypic characterization of a set of 24 HHP resistant variants of L. 
monocytogenes showed a large phenotypic diversity amongst the variants [59]. In 
a phenotypic cluster analysis the ctsR variants clustered together. Another large 
cluster was made up of immotile variants. Virulence of the variants was evaluated as 
well [61]. The ctsR variants showed reduced virulence potential in a mouse model, 
but some other variants, with an unknown mutation, showed similar virulence as the 
WT in mouse spleen and liver. Combined with increased heat and acid resistance, 
these types of variants are a potential food safety risk. The work that has been 
performed on stable stress resistant variants in the past decade showed that a large 
diversity exists within the L. monocytogenes population. This diversity potentially 
allows for growth and survival under a wide range of environmental conditions 
and can therefore be considered a strategy to thrive in different ecological niches 
that can be encountered by the population. However, many aspects regarding the 
mechanisms behind the origin of the variants and the actual impact on food safety 
still has to be unravelled.

Microbial inactivation in food preservation

Mild preservation

When a bacterial population encounters a stringent enough treatment with the aim to 
inactivate the population, the presence of heterogeneity, either with a physiological 
or genetic background, is not of major concern. During the past decade consumers 
have been increasingly concerned about the processing or treatment history of 
food products. The industry has seen an increased demand for food produced 
with limited use of chemical preservation. The demand for fresh food with a long 
shelf life presents considerable challenges to the industry regarding prevention of 
contamination and growth of human pathogens in their products [17, 62]. To answer 
to the demand for minimally processed foods, the trend in preservation has shifted 
to milder heat treatments and new preservation methods like HHP and pulsed 
electric field (PEF). These milder treatments lead to improved product quality, 
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maintenance of nutritional value and better sensory properties. When applying these 
mild preservation techniques, the presence of small, resistant subpopulations, with a 
higher survival rate than the main population, might become a concern with respect 
to food safety. Especially the use of HHP to ensure food safety has been shown to 
induce tailing, suggesting a small portion of the population to be relatively resistant 
to the applied pressure. This phenomenon seems to be general as it was observed 
for several microorganisms (e.g. Salmonella, Escherichia coli, L. monocytogenes). 
Thus, the trend towards mild preservation highlights the importance to gain 
more knowledge about the presence and impact of population heterogeneity in L. 
monocytogenes. 

Acid as food preservative

Acid is an important hurdle for bacteria to overcome, both in food products as well as 
during gastric passage and in the macrophage phagosome [33]. Acid resistance can 
therefore be considered an important niche factor [63]. L. monocytogenes developed 
different strategies to deal with acidic environments. Acid resistance is affected by the 
growth phase, history of the cells and the environmental conditions [64]. Stationary 
phase cells are more acid resistant than exponential phase cells. Growth under or 
exposure to mild, non-lethal pH stress confers protection to subsequent exposure to 
lethal pH, a phenomenon known as the acid tolerance response (ATR) [65]. The acid 
resistance of an organism is determined by the combination of inducible strategies 
to remove protons, alkalinize the environment, change the composition of the cell 
membrane and produce general stress proteins. The most important and most well-
studied system in L. monocytogenes is the glutamate decarboxylase (GAD) system 
[66]. An extracellular glutamate is imported by an antiporter in exchange for an 
intracellular γ-aminobutyrate (GABA). Each molecule of glutamate is decarboxylated 
by a decarboxylase to produce a molecule of GABA. During this process a proton 
is consumed. This results in an increase of the cytoplasmic pH and thus protects 
the cell against the acidic environmental conditions [67]. Recently, a new model for 
the GAD system has been proposed by Karatzas et al. [68], in which two different 
GAD systems were discriminated. The intracellular GAD system uses metabolically 
synthesized glutamate and the extracellular system uses environmental glutamate 
which is accumulated in the cell by dedicated transporters. The GAD system is 
visualized in Figure 1.4.

Sigma factor B (σB) plays a major role in the general stress response of L. 
monocytogenes and it also plays a role in acid stress resistance. σB regulates the 
expression of several stress proteins with protein repair and chaperone activity 
functions, such as DnaK, GroEL, HtrA and the Clp proteases [27]. σB plays a role 
in acid resistance through different pathways. Firstly, it has a role in the ATR, as 
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it was shown that a σB deletion mutant showed a lower degree of ATR than the WT 
strain. Also, the GAD system as described above is reported to be at least partially σB 

regulated [30].   

Glutamatei

GlutamateeGABAe

GABAi

Extracellular

Intracellular

GadT

GadD

CO2 H+

 Figure 1.4: Model of the glutamate decarboxylase system in L. monocytogenes as proposed by Karatzas 

et al. Adapted from [68].

Predictive microbiology

Predictive microbiology, or quantitative microbiology, is a growing discipline within 
food microbiology and aims to develop and use mathematical and statistical models 
to describe microbial behaviour. Modelling can be used to quantitatively describe 
growth or inactivation kinetics but also to predict microbial behaviour under 
certain conditions [70]. The benefit of predictive microbiology is that, when done 
appropriately, it can reduce the amount of labour intensive and costly challenge 
tests. An assumption when using predictive models is that biological responses to 
environmental factors are reproducible. It is important that predictive models are 
validated, as microbial heterogeneity, interaction between different environmental 
factors or inaccuracy in measuring the environmental factors may lead to systematic 
errors in predictions. Also several variability factors (e.g. strain, biological and 
experimental variability) should be taken into account. Therefore, the outcome of 
predictive models should be considered an indication rather than an absolute value. 
A wealth of microbial growth and inactivation models have been developed in the 
recent years and the choice of the appropriate model is critical when describing 
and predicting behaviour. The model with the smallest number of parameters that 
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adequately describe the data is preferred over a more complex model [71, 72]. Another 
criterion is that models with parameters that have a biological meaning are preferred 
over models with mathematical parameters since this makes interpretation of the 
parameters easier. Various models describing linear and also non-linear inactivation 
kinetics are available in literature. Table 1.1 shows models that are able to describe 
different inactivation patterns and range from the most simple first-order model 
to the more complex models that are able to describe biphasic inactivation with a 
shoulder. 

Predictive models are often used in Quantitative Microbial Risk Assessment 
(QMRA). QMRA is a process which is used as a tool to evaluate the risk associated 
with the consumption of a food product [79]. QMRA consists of four steps in which 
the severity of a hazard is combined with the prevalence and the concentration of 
this hazard: hazard identification, hazard characterization, exposure assessment, 
and risk characterization [80, 81]. The presence of population diversity can affect 
the outcome of risk assessments as it may have implications for stress resistance 
or virulence. Variability is one of the major challenges in the field of predictive 
microbiology. Variability can be caused by experimental variation like pipetting 
errors, biological variation caused by the use of different cultures or strain 
variability. But also the presence of heterogeneity within a population makes it 
difficult to predict the behaviour under different environmental conditions. Better 
quantitative knowledge on population heterogeneity will allow for incorporation of 
heterogeneity in predictive models and risk assessments which will lead to more 
realistic predictions. 



General introduction  | 19

1

T
ab

le
 1

.1
: O

ve
rv

ie
w

 o
f c

om
m

on
ly

 u
se

d 
m

od
el

s 
to

 d
es

cr
ib

e 
in

ac
ti

va
ti

on
 k

in
et

ic
s

M
od

el
 ty

pe
Eq

ua
tio

n
So

ur
ce

Fi
rs

t-o
rd

er
()

(
)

10
10

lo
g

lo
g

0
=

−
t

N
t

N
D

[7
3]

W
ei

bu
ll

()
(
)

10
10

lo
g

lo
g

0



=

−






t

N
t

N
β

δ
[7

4]

Bi
ph

as
ic

()
(
)

(
)

10
10

10
lo

g
lo

g
0

lo
g

1
10

10
−

−



=

+
−

⋅
+

⋅










se
ns

re
s

t
t

D
D

N
t

N
f

f
[4

2]

Bi
ph

as
ic 

W
ei

bu
ll

()
(
)

1
2

1
2

10
10

10
lo

g
lo

g
0

lo
g

(1
)

10
10

p
p

t
t

N
t

N
f

f
δ

δ






−

−


















=

+
−

⋅
+

⋅






[7

5]

Bi
ph

as
ic 

lo
gi

st
ic 

m
od

el
()

(
)

(
)

(
)

(
)

(
)

(
)

10
10

10

1
1

ex
p

1
ex

p
lo

g
lo

g
0

lo
g

1
ex

p
1

ex
p










−
⋅

+
−

⋅
⋅

+
−

⋅









=

+
+










+
⋅

−
+

⋅
−













se
ns

s
re

s
s

se
ns

s
re

s
s

f
k

t
f

k
t

N
t

N
k

t
t

k
t

t
[7

6]

Re
pa

ra
m

et
er

ize
d 

G
om

pe
rtz

 m
od

el
()

(
)

(
)

10
10

lo
g

lo
g

0
ex

p
ex

p
1




⋅



=

+
⋅

−
⋅

−
+







− 





s
k

e
N

t
N

A
t

t
A

[7
1]

G
ee

ra
er

d

()
(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

10
10

10

ex
p

ex
p

lo
g

lo
g

0
lo

g
(1

)
ex

p
ex

p
1

ex
p

1
ex

p
1

ex
p

1
ex

p







⋅
⋅




=
+

−
⋅

−
⋅

⋅
+

⋅
−

⋅
⋅ 














+

⋅
−

⋅
−

⋅
+

⋅
−

⋅
−

⋅
















re
s

se
ns

k k
se

ns
s

se
ns

s
se

ns
re

s
se

ns
s

se
ns

se
ns

s
se

ns

k
t

k
t

N
t

N
f

k
t

f
k

t
k

t
k

t
k

t
k

t

()
(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

(
)

10
10

10

ex
p

ex
p

lo
g

lo
g

0
lo

g
(1

)
ex

p
ex

p
1

ex
p

1
ex

p
1

ex
p

1
ex

p







⋅
⋅




=
+

−
⋅

−
⋅

⋅
+

⋅
−

⋅
⋅ 














+

⋅
−

⋅
−

⋅
+

⋅
−

⋅
−

⋅
















re
s

se
ns

k k
se

ns
s

se
ns

s
se

ns
re

s
se

ns
s

se
ns

se
ns

s
se

ns

k
t

k
t

N
t

N
f

k
t

f
k

t
k

t
k

t
k

t
k

t

[7
1,

 7
7,

 7
8]



20  |  Chapter 1 General introduction  | 21

1

Aim and outline of the thesis

The tailing of L. monocytogenes stress-induced inactivation curves and conceivable 
roles of stress resistant variants has been well established and qualitative data 
is available for a number of variants isolated upon HHP and heat exposure. The 
ecological behaviour and the potential impact of these variants on food safety are 
not studied in detail yet. In order to evaluate this, more knowledge is needed on 
the conditions that may lead to selection for stress resistant variants. Also, more 
insights in the mechanisms underlying the increased resistance of the variants may 
help to understand their behaviour. And lastly, more quantitative knowledge is 
needed to incorporate the behaviour of the stress resistant variants into predictive 
models and risk assessments. The objective of this research was to evaluate if L. 
monocytogenes population diversity and the presence of stable resistant variants 
is a general phenomenon that is observed upon different types of stress exposure 
and to evaluate the ecological behaviour of these stable resistant variants. The 
approach followed to reach the objective was to get more qualitative, quantitative 
and mechanistic knowledge on the behaviour of stable stress resistant variants and 
to extent the knowledge to another type of stress, namely acid stress. Acid stress was 
chosen as it is an important hurdle both in food preservation, as well as in stomach 
survival. Figure 1.5 displays an overview of the different topics addressed in this 
thesis. In Chapter 2, the non-linear inactivation kinetics of L. monocytogenes upon 
acid exposure were quantitatively described. A commonly used biphasic inactivation 
model was reparameterized, which improved the statistical performance of the 
model and resulted in more accurate estimation of the resistant fraction within 
L. monocytogenes WT populations. The observed tailing suggested that stable 
stress resistant variants might also be found upon acid exposure. Evaluation of the 
population in the tail indeed resulted in the isolation of stable acid resistant variants.

In Chapter 3, these variants were further characterized phenotypically and cluster 
analysis was performed. Whole genome sequencing of a set of variants was performed 
and a new potential target gene responsible for the increased resistant phenotype 
was identified. The identified mutation was found in all variants that comprised 
the same phenotypic cluster. Chapter 4 and 5 focus on the ecological behaviour 
and potential impact of stress resistant variants on food safety. In Chapter 4, the 
performance in mixed species biofilms with Lactobacillus plantarum was evaluated. 
It was hypothesized that the acid resistant variants might also show better survival 
in biofilms with L. plantarum, which provide an acidic environment by lactose 
fermentation. Increased acid resistance turned out not to be directly related to 
increased survival, although some variants show significantly better survival than 
the WT or other variants. Increased performance in biofilm mode may be a risk 
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factor for persistent presence and thus for food safety. In Chapter 5, quantitative 
data on survival and robustness was obtained for the WT and variants, which was 
subsequently used to predict the behaviour of WT and variants under different 
environmental conditions and along a model food chain. This gave more insight 
in the trade-off between increased stress resistance and growth capacity and the 
potential impact of this trade-off on food safety. Finally, in Chapter 6 the results of 
the work in this thesis are combined, the relevance and impact are discussed and 
recommendations for future research are presented. Overall, the work presented in 
this thesis provided more insight in the mechanisms underlying increased resistance 
of stress resistant variants, a better overview of the presence of stress resistant 
variants in populations of L. monocytogenes and quantitative data on the behaviour 
of stress resistant variants which can be implemented in predictive microbiology and 
quantitative risk assessments. 

Chapter 2: Isolation and 
quantification of acid 
resistant variants

Chapter 3: Phenotypic 
and genotypic 
characterization

Chapter 4: Performance in 
mixed species biofilms

Chapter 5: Ecological 
behaviour along a model 
food chain

Understanding
behaviour

Ecology and impact

Quantitative aspects
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Figure 1.5: Overview of the different research topics addressed in this thesis. 
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Abstract

Heterogeneity in stress response of bacteria is one of the biggest challenges posed 
by minimal processing, which aims at finding the balance between microbiologically 
stable foods while maintaining the characteristics of fresh products. In this study, 
exposure of Listeria monocytogenes LO28 to acid stress, which can be encountered 
in the food processing environment as well as in the human body upon ingestion, 
led to inactivation kinetics showing considerable tailing, which was described by 
a biphasic inactivation model. Stable acid resistant variants of L. monocytogenes 
LO28 were isolated after exposure of late-exponential phase cells to pH 3.5 for 90 
min. The resulting 23 stable resistant isolates could be divided in three groups: (a) 
highly increased acid resistance (<1 log10 reduction, n=16), (b) slightly increased 
acid resistance (1-3 log10 reduction, n=6) and (c) one isolate showing a variable 
acid stress response. The highly acid resistant group showed increased resistance 
to the tested pH range of 2.5 to 3.5 in both late-exponential and stationary phase. 
Increased acid resistance showed to be significantly correlated to reduced growth 
rate. The Weibull model was reparameterized, resulting in improved parameter 
estimation, and was used to estimate the inactivation kinetics at mild pH. Studying 
the growth boundaries of the wild type and a representative set of variants indicated 
that the increased resistance of the variants was only related to survival of severe 
pH stress but did not allow for better growth or survival at mild pH stress. This 
study shows that acid exposure of late-exponential phase cells reveals the presence 
of acid resistant subpopulations and that there is a phenotypic diversity amongst 
them. The occurrence of heterogeneity and stress resistant subpopulations may lead 
to a higher number of surviving microorganisms than expected. Also, stress resistant 
subpopulations can become part of the domestic flora in a food production line. The 
currently isolated acid resistant variants are a new group of stress resistant variants 
and underline the importance of gaining more insight in the mechanisms underlying 
this heterogeneity and increased resistance. 
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Introduction

Listeria monocytogenes is a foodborne pathogen causing the rare but severe disease 
listeriosis [1]. Its robustness and ability to grow and survive under harsh conditions 
such as low temperature, high salt and low pH makes it a difficult pathogen to 
eliminate [2]. An additional feature that can have implications for food safety is 
the often observed heterogeneity in stress response of pathogens, which can result 
in tailing of inactivation curves [3]. Besides phenotypic heterogeneity, the observed 
tailing may suggest the presence of a stress resistant subpopulation [4]. Such resistant 
subpopulations can lead to a higher number of surviving organisms than expected after 
a preservation treatment, especially with the recent trend towards mild preservation. 
These subpopulations can also become part of the domestic flora in food processing 
environments, leading to product (re)contamination with these resistant organisms. 
Indeed, previous studies have demonstrated heterogeneity and occurrence of stress 
resistant variants within L. monocytogenes populations [5-7]. Exposure to heat and 
high hydrostatic pressure (HHP) led to considerable tailing in the inactivation curves. 
These inactivation kinetics could be described by a biphasic model, which assumes a 
stress sensitive and a stress resistant population. Isolation of survivors from the tail 
revealed that some were stably more resistant to the previously applied stress, while 
others were only temporarily more resistant. For a fraction of these stable resistant 
variants it was shown that they are genetically different from the main population 
[5]. Also, these subpopulations possessed a great phenotypic diversity. Most of the L. 
monocytogenes LO28 variants isolated after HHP treatment also showed increased acid 
resistance [8]. Acid survival is important for microorganisms both in surviving low pH 
hurdles encountered in food preservation as well as in surviving the acidic conditions 
encountered during gastric passage [9]. Acid resistance is therefore considered an 
important niche factor contributing to L. monocytogenes infection capacity [10]. A 
recent study by Van Boeijen et al. [11] revealed that most of the previously isolated 
HHP variants were less virulent than the LO28 wild type, but two variants which also 
showed increased heat and acid resistance, retained full virulence in a mouse model. 

Acid inactivation of L. monocytogenes has been widely studied before [9, 12-15] and, 
as for heat and HHP stress, non-linearity in acid inactivation has been observed [14-
16]. The objectives of this study were to quantitatively describe the inactivation of 
late-exponential phase cells of L. monocytogenes LO28 upon acid exposure and to 
determine if a single acid exposure can lead to the selection of stable resistant variants. 
Although some variants have been isolated after prolonged acid exposure of stationary 
phase cells [16], the occurrence and characterization of acid resistant subpopulations 
has not been studied in detail. This study highlights that L. monocytogenes populations 
are heterogeneous in their acid resistance resulting in biphasic inactivation kinetics 
and selection of highly acid resistant variants. 
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Materials and Methods

Bacterial strains and culturing conditions

Listeria monocytogenes LO28 wild type (WT) (Wageningen UR Food & Biobased 
Research, the Netherlands) was used in this study. This strain, originally isolated 
from a healthy pregnant carrier, has previously been used in our laboratory to study 
the presence of stress resistant subpopulations [5-7]. The stock culture was kept in 
15% (v/v) glycerol (Fluka, Buchs) at -80°C, and before the experiments cells from 
stock were grown for 2 days at 30°C on brain heart infusion (BHI) agar (Oxoid, 
Hampshire). A single colony was used to inoculate 20 ml BHI broth. After overnight 
(ON) growth (18-22 h) at 30°C (Innova 4335; New Brunswick Scientific, Edison, 
NJ) with shaking at 160 rpm, 0.5% (v/v) inoculum was added to fresh BHI broth. 
Cells were grown in BHI at 30°C until late-exponential growth phase (OD600 = 0.4-
0.5 (Spectrophotometer Novaspec II, Pharmacia Biotech)  reached after 4-5 h) or 
stationary phase (18-22 h of growth, OD600 ~2.0). Late-exponential and stationary 
phase cultures were used for further experiments.

Inactivation kinetics at low pH

Acid inactivation experiments were performed as previously described by Van 
der Veen and Abee [15] with modifications. Briefly, 100 ml late-exponential phase 
culture was harvested by centrifuging for 5 min at 2880 x g (Centrifuge 5804 R, 
Eppendorf), resuspended in 10 ml BHI broth, centrifuged again for 5 min at 2880 
x g, and resuspended in 10 ml BHI broth (pre-warmed at 37°C) adjusted to pH 2.5, 
3.0 or 3.5 with 10 M HCl. The tube was placed in a shaking waterbath at 37°C and 
at different time intervals, samples were taken, serially diluted in BHI broth and 
plated on BHI agar using a spiral plater (Eddy Jet, IUL S.A.). Samples were taken up 
to 10, 60 and 200 min for pH 2.5, 3.0 and 3.5 respectively. Plates were incubated at 
30°C and counted after 4-6 days to allow recovery of all cells. Combined data of 6-9 
independent experiments were used for further data analysis.  

Isolation of acid resistant variants 

Colonies of LO28 WT, obtained after pH 3.5 treatment for 90 min were streaked on 
fresh BHI plates and incubated at 30°C for 2 days. Subsequently, one colony was 
inoculated in 10 ml BHI broth and incubated at 30°C. Every 24 h, 0.5% (v/v) was 
used to start a fresh culture, and this was repeated for 5 days in a row. This was done 
to assure a genetically stable population. After 5 days the culture was frozen at -80°C 
in 15% (v/v) glycerol until further use. In total, 100 isolates from 5 experiments on 
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different days were obtained with this method. Late-exponential phase cells of all 
isolates were then retested for acid resistance. For this, isolates were grown to late-
exponential phase and harvested by centrifuging 50 ml of cell suspension for 5 min 
at 2880 x g. The cells were resuspended in 5 ml BHI broth, centrifuged again for 5 
min at 2880 x g and resuspended in 0.5 ml PPS (0.1% w/v bacteriological peptone 
(Oxoid, Hampshire, England) and 0.8% w/v NaCl (Merck)). This cell suspension 
was added to a tube, containing 4.5 ml prewarmed BHI adjusted to pH 2.5 by 10 M 
HCl and a small magnetic stirring bar. This tube was placed in a small flask, in which 
water of 37°C was pumped, to ensure a constant temperature and accurate mixing 
of the cells using a magnetic stirrer. Samples were taken at t=0 (just after adding 
the cells to the BHI) and 3.5 min, serially diluted in BHI to restore neutral pH and 
plated on BHI agar using a spiral plater and incubated for 4-6 days at 30°C. Isolates 
that showed increased acid resistance (more than 1 log10 higher survival compared to 
the WT) in late-exponential phase were tested at least three times on different days, 
to determine whether they were stably more acid resistant. Afterwards, the stable 
acid resistant variants were also tested three times for acid resistance in stationary 
phase. The same procedure was followed, with the modification that 10 ml cell 
suspension was used and samples were taken after 15 min of exposure to pH 2.5, to 
obtain a similar reduction as late-exponential phase cells after 3.5 min. The mean 
log10 reduction was calculated by subtracting the log10 count after acid exposure from 
the initial log10 count. Acid resistance of the tested isolates was compared to the acid 
resistance of the WT by performing a Student t-test on the mean reduction in log10 
count after 3.5 or 15 min at pH 2.5 for late-exponential and stationary phase cells 
respectively.

Model fitting

A biphasic model with shoulder [17-19] was fitted to the inactivation data using 
TableCurve 2D (version 5.01 for Windows) as is shown in equation 1.
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In which Nt is the number of cells at time t (in min), N0 is the number of cells at t=0, 
ksens and kres are the specific inactivation rates of the sensitive population and the 
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resistant fraction, respectively (min-1). Sl is the shoulder length (in min) and f is the 
stress resistant fraction. For all further calculations, the mean parameter estimates 
of the TableCurve output were used. The D-lue of both subpopulations was calculated 
from their inactivation rate, without taking the shoulder into account:

(2)
( )ln 10

=D
k

An F test was used to test if the fitting performance of the model was statistically 
accepted. The f value was calculated using the following equation [19]:

MSE
MSE

= model

data

f (3)

In which MSEmodel is the mean square error of the model and MSEdata the mean square 
error of  the data for replicate values. The resulting f value was tested against a critical 
F table value (95% confidence). A lower f value than the critical F value indicated that 
the model describes the data well.

Reduction of model parameters 

A stepwise procedure was followed to reduce the number of parameters of the model 
(equation 1), as described by Den Besten et al. [19]. Briefly, a t-test was used to test the 
significance of the parameter estimates. Parameters that were not significant were 
stepwise removed from the model until all parameters were significant. Additionally, 
a lack-of-fit test was performed to confirm if the reduction of the parameters was 
statistically acceptable. The f value to test if a parameter could be excluded was 
calculated by the following equation:

( )2 1 2 1

1 1

( ) /
 

/
− −

=
RSS RSS DF DF

f
RSS DF

(4)

In which RSS1 and RSS2 are the residual sum of squares of the full model and the 
reduced model respectively and DF1 and DF2 the degrees of freedom of both models. 

Maximum specific growth rate

50 µl ON culture of WT and all 23 variants was inoculated in 10 ml BHI or BHI 
with pH adjusted to 5.0 by 10 M HCl, at an initial concentration of ~107 cfu/ml. 
200µl of this culture was transferred to a 96-wells plate in triplicate for each variant 
and the WT. BHI and BHI pH 5.0 were used as blanks. Growth was monitored by 
incubating the 96-wells plate in a spectrophotometer (Tecan Infinite F200, Tecan 
Group Ltd.) set at 30°C and measuring the OD595 every 10 min for 24 h, with 5 sec 
of shaking before each measurement. The blanks were subtracted from the readings 
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and the natural logarithm of the OD values was calculated. The maximum specific 
growth rate (µmax) was calculated by taking the slope of the ln(OD) against time (h). 
Experiments were performed in biological duplicates.

Minimum pH for growth 

In order to determine the minimum pH at which the WT and 7 selected variants 
were able to grow, ON cultures were inoculated in erlenmeyer flasks containing BHI 
with the pH adjusted to 4.2, 4.3, 4.4 and 4.5 by 10 M HCl, at an initial concentration 
of ~107 cells/ml. Flasks were incubated at 30°C with aeration at 160 rpm. Growth 
or inactivation was monitored up to 8 days by 24-72 h interval sampling. Samples 
were serially diluted in BHI and plated on BHI agar. Plates were incubated at 30°C 
and counted after 4-6 days of incubation. Experiments were performed in duplicate. 
Inactivation data were compared by fitting a Weibull model [20] (equation 5) and a 
reparameterized Weibull model (equation 6) to the replicate data:

( ) ( )10 10 0log log  = −  
 

t
tN N

β

δ
(5)

in which δ the time needed for the first decimal reduction (h); and β, a fitting 
parameter that defines the shape of the curve.
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in which Δ is the number of decimal reductions; tΔD, the time needed to reduce the 
initial number of microorganism with Δ decimals (h); and β, a fitting parameter 
that defines the shape of the curve. Δ was set at 3 and the other parameters were 
estimated by TableCurve 2D version 5.01 for Windows. The correlation between the 
model parameters was investigated using Matlab (version R2012a). The estimates 
for parameter t3D, the time needed to reach a 3 log10 reduction, were compared by a 
Student t-test. 

Results and discussion

Acid inactivation kinetics

In this study L. monocytogenes LO28 was inactivated at pH 2.5, 3.0 and 3.5 and at 
all tested pH conditions the inactivation curves showed considerable tailing (Figure 
2.1). The shape of the inactivation data suggested the presence of an acid sensitive 
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and an acid resistant population. Therefore, a biphasic model (equation 1) was fitted 
to the data and an F-test confirmed that the fit was acceptable for all tested pH 
conditions (p-value of 0.146, 0.401 and 0.442 for pH 2.5, 3.0 and 3.5 respectively).
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Figure 2.1: Inactivation kinetics of late-exponential phase cells of L. monocytogenes LO28 WT in BHI 
adjusted with HCl to pH 2.5 (A), pH 3.0 (B) and pH 3.5 (C) at 37°C. A biphasic model with shoulder is 
fitted to the inactivation data [17-19]. The horizontal line represents the detection limit.
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However, the parameter estimation for f was not found significant for pH 2.5 and 
3.0, and only slightly significant for pH 3.5 (p=0.039) despite the clearly observed 
tailing (see Figure 2.1). Removing this parameter, and thereby also removing 
the parameter kres did not result in a better fit according to the F-test. It has 
been reported before that this biphasic model cannot significantly estimate the 
resistant fraction while clear tailing was observed, but removing this parameter 
was not acceptable either [19]. To date, this model has been widely used to describe 
biphasic inactivation kinetics, but in many cases without reporting the values or 
significance of the parameter estimate for f [21-23]. Since the initial number of 
cells (N0) was estimated on a log10 scale, we considered it plausible to also estimate 
f  on a log10 scale. This resulted in the following equation:
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Fitting this adjusted model to the inactivation data resulted in the same parameter 
estimates, but with a significant estimate for log10(f). We therefore propose 
to estimate log10(f) instead of f when using this biphasic model. The parameter 
estimates obtained by equation 7 are shown in Table 2.1. The estimated resistant 
fractions were comparable at the tested pH conditions and this resistant fraction 
was also comparable to the resistant fraction that was found for the same strain 
exposed to HHP stress [6]. The D-values of the sensitive population at pH 2.5, 
3.0 and 3.5 were 0.46, 1.70 and 5.99 min, respectively. The resistant fraction was 
characterized by a higher decimal reduction time of around 10-fold (7-17 fold) with 
D-values of 3.16, 29.2 and 77.8 min respectively. It can be concluded that, after 
log10-transformation of f, the biphasic model with shoulder is a suitable model to 
describe acid inactivation of L. monocytogenes LO28 and estimate the fraction of 
resistant cells. The significant tailing suggested that stress resistant cells could be 
isolated from the tail. 
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Table 2.1: Fitted model parameters for adjusted biphasic inactivation model (equation 7) with shoulder 
for L. monocytogenes LO28 WT in BHI adjusted to pH 2.5, 3.0 and 3.5 at 37°C. The 95% confidence 
interval of each parameter estimate is indicated between brackets

parameter pH 2.5 pH 3.0 pH 3.5

log10 N0 9.8
[9.4; 10.3]

9.7
[9.2; 10.3]

9.7
[9.5; 9.9]

ksens (min-1) 4.98
[2.66; 7.30]

1.35
[0.89; 1.82]

0.38
[0.33; 0.44]

kres (min-1) 0.73
[0.25; 1.21]

0.08
[0.02; 0.14]

0.03
[0.02; 0.04]

Shoulder (min) 1.7
[1.04; 2.36]

4.5
[2.48; 6.46]

12.4
[9.15; 15.57]

Resistant fraction 1.89·10-5

[1.20·10-6; 3.02·10-4 ]
4.19·10-6

[5.01·10-7; 3.47·10-5]
1.93·10-5

[7.41·10-6; 5.01·10-5 ]

Stable acid resistant variants

To explore whether acid treatment resulted indeed in selection of stable acid resistant 
variants, 100 colonies obtained after acid treatment of 90 min at pH 3.5 were sub-
cultured five times and therefore considered to have a stable genotype. Retesting in 
late-exponential phase resulted in 23 out of 100 isolates with a significantly lower 
reduction in viable counts after severe acid treatment (pH 2.5 for 3.5 min) than the 
WT and were therefore considered to have a stable acid resistant phenotype (Figure 
2.2 A). Sixteen of the 23 variants were highly resistant for a treatment of pH 2.5 for 
3.5 min, showing less than 1 log10 reduction after acid treatment, compared to an 
average of 4 log10 reduction for the WT. Six isolates were slightly but significantly 
more acid resistant than the WT, with a reduction of 2-3 log10 after 3.5 min at pH 2.5. 
One variant, number 7, was tested several times, showed increased acid resistance 
in all cases, but the variability between experiments was relatively large with a 
reduction ranging from 0.6 to 2.7 log10 cfu/ml. Subsequently, all 23 stable resistant 
variants were tested for acid resistance in stationary phase as well.
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Figure 2.2: Acid resistance of L. monocytogenes LO28 WT and stable resistant variants. Acid resistance 
is expressed as the reduction in log10 cfu/ml after pH 2.5 treatment for 3.5 min for late-exponential (A) 
and 15 min for stationary phase (B) cells of L. monocytogenes LO28 WT and variants obtained after 90 
min at pH 3.5. Error bars represent the standard deviation of the mean reduction of at least 3 independent 
experiments. 

It is generally known that acid resistance is growth phase dependent [14] and 
therefore it was expected that cells grown until stationary phase would be more 
resistant to acid stress. Both the WT and the 23 variants were indeed more resistant 
to pH 2.5 in stationary phase and longer inactivation time was necessary to obtain 
a relevant reduction. Figure 2.2B shows a similar pattern in acid resistance for 
stationary phase cells as for late-exponential phase cells. The highly resistant group 
could clearly be distinguished, showing a 1-2 log10 reduction after 15 min at pH 2.5, 
while the WT showed around 5 log10 reductions. Variant 9 of the highly resistant 
group, is significantly less resistant than the other variants within this group in 
stationary phase. The slightly resistant group did not show a significantly increased 
resistance to pH 2.5 in stationary phase. Variant 7, that showed a quite high variation 
in acid resistance during late-exponential phase, which is most likely growth phase 
related [14, 24], falls clearly within the group of highly acid resistant variants in 
stationary phase, confirming the stable acid resistance of this isolate. Inactivation 
kinetics in time were studied in more detail for 2 variants. Besides the increased 
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acid shock survival at pH 2.5, variants 7 and 15 showed increased resistance over 
a prolonged period of time (Figure 2.3) at pH 2.5, 3.0 and 3.5. In order to quantify 
the difference in inactivation kinetics, equation 7 as well as the reduced models were 
fitted to the data, until all parameters were significant. This approach resulted in 
fitting the linear inactivation model to variant 15 for all pH conditions. This was in 
line with previous results, since linear inactivation was also observed for resistant L. 
monocytogenes variants isolated after HHP treatment which were exposed to HHP 
again [5].  The parameter estimates when fitting the full model for variant 7 at pH 
2.5 were marginally significant (p-value of 0.03 and 0.04 for kres and f respectively) 
and therefore a lack-of-fit test was performed to determine if the parameters could 
be reduced. The lack-of-fit test accepted the elimination of the shoulder and the tail, 
and therefore the linear inactivation model was selected to fit the data at pH 2.5. At 
pH 3.0 the parameters could not be excluded and the full model was applied. At pH 
3.5, both the t-test and the lack-of-fit test indicated the linear model to be acceptable. 

The parameter estimates (Table 2.2) indicated that the variants 7 and 15 were indeed 
more acid resistant than the WT at pH 2.5, 3.0 and 3.5 over a prolonged period of 
time. The k of variant 15 at pH 2.5 and 3.5 was rather similar to kres of the WT at pH 
2.5 and 3.5. Interestingly, the k of variant 7 is higher than kres of the WT at pH 2.5, 
but when the pH is increasing, the kres (pH 3.0) and k (pH 3.5) of variant 7 are similar 
to the kres of the WT and the k of variant 15. The fact that kres  of the WT population is 
not exactly the same as the k of the variants can be explained by the assumption that 
there are multiple subpopulations present in the tail, as is also clear from Figure 2.2.

Table 2.2: Fitted model parameters for adjusted biphasic inactivation model with shoulder and linear 
inactivation model [17, 18] for L. monocytogenes variants 7 and 15 in BHI adjusted to pH 2.5, 3.0 and 3.5 
at 37°C. The 95% confidence interval of each parameter estimate is indicated between brackets

parameter pH 2.5 pH 3.0 pH 3.5

Variant 7 log10 N0
9.76
[8.91, 10.62]

9.68
[9.32, 10.05]

9.74
[9.61, 9.88]

ksens (min-1) - 0.36
[0.24, 0.49] -

kres (min-1)a 1.48
[1.17, 1.80]

0.10
[0.02, 0.18]

0.02
[0.01, 0.02]

Shoulder (min) - 7.1
[1.30, 12.96] -

Resistant fraction - 1.31·10-3

[3.39·10-5, 5.01·10-2 ] -

Variant 15 log10 N0
10.08
[9.45, 10.71]

10.00
[9.65, 10.35]

9.64
[9.49, 9.79]

k (min-1) 0.77
[0.62, 0.92]

0.16
[0.13, 0.19]

0.01
[0.01, 0.02]

a Parameter k (min-1) for variant 7 at pH 2.5 and 3.5
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Figure 2.3: Inactivation kinetics of late-exponential phase cells of L. monocytogenes variant 7 (●) and 
variant 15 (▲)  in BHI adjusted with HCl to pH 2.5 (A), pH 3.0 (B) and pH 3.5 (C) at 37°C. The biphasic 
model with shoulder, or a reduced model is fitted to the data and represented by a light gray (variant 15) 
or dark gray (variant 7) line. The fit of the biphasic model to the WT, obtained from figure 2.1, is indicated 
by the dotted line. The horizontal line represents the detection limit.

The kres of the WT is therefore a combination of all the different isolates obtained from 
the tail. 23 of the 100 isolates were stably more resistant while the other isolates were 
only temporarily more resistant, most likely as a result of phenotype switching [25]. 
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The resistant fraction within the WT population exposed to pH 3.5 was estimated 
to be between 5.0 ∙ 10-5 and 7.4 ∙ 10-6 (Table 2.1) and therefore the stable resistant 
fraction (23% of the tested isolates) can be estimated to be between 1.2 ∙ 10-5 and 
1.7 ∙ 10-6. This value is similar to the stable resistant fraction of variants obtained with 
HHP treatment of L. monocytogenes LO28 found by Van Boeijen et al. [6]. 

Growth under optimal and mild pH conditions

To determine any difference in growth behavior under optimal conditions, as well 
as under mild pH stress, growth of the WT and 23 stable resistant isolates was 
monitored in BHI and in BHI at pH 5.0. The highly resistant group of variants showed 
a slightly reduced growth rate in BHI (see Figure 2.4). The only exceptional variant 
with regard to growth is number 9. This variant has a strongly reduced growth rate, 
which is about half the growth rate of the WT in BHI as well as in BHI set at pH 5.0 at 
30°C. Also, this variant was less acid resistant in stationary phase than the rest of the 
highly resistant group. Therefore this variant was excluded from linear regression at 
both optimal pH and mild pH stress.
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Figure 2.4: Maximum specific growth rates (h-1) of WT (closed symbols) and 23 stable resistant variants 
(open symbols) in BHI (A) and in BHI set at pH 5.0 by 10M HCl (B) at 30°C plotted against the reduction 
in viable count of late-exponential phase cells at pH 2.5 for 3.5 min. Variant 9 is excluded from linear 
regression due to its particular behaviour (see text for explanation) and is indicated by ○.
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A slight but significant correlation was found between acid resistance and maximum 
specific growth rate with a p-value of 0.000 and R2 is 0.80 (if variant 9 is included 
in the regression the regression coefficients remain almost equal, only R2 reduces 
to 0.63). At pH 5.0 there is a slight but significant correlation between growth rate 
and acid resistance (p-value of 0.000 and R2 is 0.81, if variant 9 is included in the 
regression R2 reduces to 0.53), but the regression coefficient (0.023) is lower than 
at neutral pH (0.053), suggesting that the effect observed at neutral pH is not so 
distinct at lower pH. The observed reduction in growth rates of the highly acid 
resistant variants at optimal conditions is in line with reduced growth rates for some 
of the HHP resistant variants described in earlier studies [7, 8]. However, previously 
isolated acid resistant mutants from stationary phase [16] showed no difference in 
growth rate compared to the WT under optimal conditions but an increased growth 
rate at mild pH stress. In contrast to these previously isolated mutants, our variants 
showed similar or even slightly reduced growth rates at pH 5.0, suggesting that a 
different type of variants was isolated.

Behaviour around the growth boundary

In order to determine if the increased resistance to severe pH might also be related 
to increased survival around the growth/no growth boundary, a representative set 
of 7 variants was selected based on their acid resistance, growth characteristics and 
experiment of isolation. All variants and the WT were able to grow at pH 4.5 (data not 
shown). The growth/no growth boundary of the WT and all variants was determined 
to be at pH 4.4. At pH 4.3 and 4.2 a >3 log10 reduction was observed for all variants 
and the WT within 6-8 days.

Table 2.3: Correlation coefficients between the parameters β and δ (equation 5), and β and t3D (equation 
6) for the WT and 7 variants in BHI at 30°C set at pH 4.2 or 4.3 by 10 M HCl

pH 4.2 pH 4.3

β and δ β and t3D β and δ β and t3D

WT 0.95 0.38 0.95 0.01

Variant 3 0.86 -0.64 0.97 0.42

Variant 7 0.60 -0.91 0.95 -0.25

Variant 9 0.89 -0.52 0.96 0.40

Variant 13 0.94 -0.25 0.96 0.29

Variant 14 0.95 -0.08 0.94 -0.42

Variant 15 0.94 -0.35 0.95 -0.21

Variant 23 0.94 -0.18 0.95 -0.07
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The inactivation data showed a downward concave shape [20] and therefore the 
Weibull model (equation 5) was fitted to the data. In this model however, the 
parameters β and δ are known to be structurally strongly correlated [20]. This 
was also the case for the variants at pH 4.3 and for most of the variants at pH 
4.2 (Table 2.3). Therefore, a reparameterized Weibull model (equation 6) was 
fitted to the inactivation data. In this adjusted version of the model, the time to 
the first Δ decimal reductions is calculated instead of the time to the first decimal 
reduction. By setting Δ at 3, the parameter correlations were acceptable (<0.95) 
for all cases and allowed for parameter estimation without extrapolating out of 
the experimental range. In food industry, the time to 3 decimal reductions is more 
relevant than the time to the first decimal reduction. Therefore the parameter t3D 
was used to quantitatively compare the behaviour of different strains. Parameter β 
was comparable between the WT and the variants, ranging from 1.76 to 2.73 at pH 
4.2 and ranging from 1.73 to 2.54 at pH 4.3. The estimations for parameter t3D are 
shown in Figure 2.5. Unlike at severe pH, there was no clear distinction between 
the WT and the different groups of variants at pH values close to the growth 
boundary. Although some variants did show a slightly significantly different t3D 

value, the inactivation  of the WT and variants at mild pH stress (pH 4.2 and 4.3) 
was much more similar than at more severe pH stress (Figure 2.5). This leads to 
the conclusion that the mechanisms responsible for the increased acid resistance 
are most likely only related to the survival during severe pH stress.
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Figure 2.5: Time to the first 3 log10 reductions (t3D)  for WT and a set of resistant variants in BHI set at 
pH 4.2 (solid bars) and pH 4.3 (dashed bars) at 30°C. The t3D-value is the parameter estimate obtained by 
fitting a reparameterized Weibull model through the data of a duplicate experiment. Error bars represent 
the 95% confidence interval of the parameter estimate. Significant differences from the WT (p<0.05) are 
indicated by *.
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Implications of acid resistant subpopulations

Acid is an important hurdle in both food preservation and gastric passage of 
pathogens [9]. Several researchers reported the occurrence of stress resistant 
subpopulations upon inactivation treatment using different types of stress [5, 6, 16]. 
Here, we show that also acid treatment of late-exponential phase cells results in the 
selection of highly resistant variants of L. monocytogenes LO28. We have described 
and compared the acid inactivation kinetics of the WT and the obtained acid resistant 
variants. It is known that stress resistance of L. monocytogenes is subject to strain 
variability [26].  In a study from Dykes and Moorhead [27] 15 clinical isolates were 
tested on their acid survival (stationary phase, 2 h at pH 2.5). All isolates showed less 
than 1 log10 reduction over this time period, making them more resistant than LO28 
WT and the currently isolated variants. It is not surprising that clinical isolates, 
which apparently survived the stomach, displayed such high acid resistance. The 
acid resistance of the currently isolated variants is comparable to the acid resistance 
of LO28 HHP variants [8]. Although LO28 is not amongst the most acid resistant 
L. monocytogenes strains, this study shows that variants with highly increased acid 
resistance can be selected for by acid stress exposure. The increased survival in both 
late-exponential and stationary phase can be highly beneficial for the organism 
to survive gastric passage. This relevance is underlined by the generally high acid 
resistance of clinical isolates. Mild acid stress adaptation might increase resistance 
towards lethal acid stress even further [14, 28]. Although the variants did not show 
better growth at food relevant pH, they do have a better chance of survival at low pH. 
The low inactivation constant at pH 2.5 by which variant 15 and probably also the 
other highly resistant variants are characterized, may increase the chances that even 
low numbers of microorganisms present in food products will pass the stomach and 
can subsequently cause infection in humans.

This study showed that there is a phenotypic diversity amongst the selected acid 
resistant subpopulations. The differences in acid resistance and growth behaviour 
observed between previously isolated variants and the currently isolated variants 
suggest that different types of stress resistant variants are selected for under 
different conditions. Interestingly, the resistant fraction found in this study is very 
similar to the resistant fraction found after HHP treatment [6]. Quantification of 
the inactivation data and the resistant fraction allows for prediction of the stable 
resistant fraction within a population. The mechanisms underlying the increased 
acid resistance remain to be elucidated. This group of variants extends the group of 
previously isolated variants from different types of stress under different conditions 
and underlines the importance of gaining more insights in their characteristics and 
how these stress resistant subpopulations are being generated within a population. 
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Abstract 

The dynamic response of microorganisms to environmental conditions depends 
on the behavior of individual cells within the population. Adverse environments 
can select for stable stress resistant subpopulations. In this study, we aimed to get 
more insight in the diversity within Listeria monocytogenes LO28 populations, and 
the genetic basis for the increased resistance of stable resistant fractions isolated 
after acid exposure. Phenotypic cluster analysis of 23 variants resulted in three 
clusters and four individual variants and revealed multiple-stress resistance, with 
both unique and overlapping features related to stress resistance, growth, motility, 
biofilm formation and virulence indicators. A higher glutamate decarboxylase (GAD) 
activity correlated with increased acid resistance. Whole genome sequencing revealed 
mutations in rpsU, encoding ribosomal protein S21 in the largest phenotypic cluster, 
while mutations in ctsR, which were previously shown to be responsible for increased 
resistance of heat and high hydrostatic pressure (HHP) resistant variants, were not 
found in the acid resistant variants. This underlined that large population diversity 
exists within one L. monocytogenes strain and that different adverse conditions drive 
selection for different variants. The finding that acid stress selects for rpsU variants 
provides potential insights in the mechanisms underlying population diversity of L. 
monocytogenes.
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Introduction 

Listeria monocytogenes is a ubiquitous microorganism, which may encounter a 
variety of environmental conditions during its transmission from soil to the human 
gastro-intestinal tract [1]. In the last decades, many researchers have demonstrated 
that microbial populations are not isogenic but comprise phenotypic and genotypic 
heterogeneity. The presence of subpopulations, each of which is prepared to survive 
and multiply under a specific condition allows the organism to survive in a wide 
range of environmental conditions. Van Boeijen et al. [2] showed that a set of 
HHP resistant variants of L. monocytogenes LO28 had different phenotypic and 
genotypic characteristics. The variants showed highly increased resistance towards 
multiple types of stress, different degrees of motility and different growth rates. 
Despite the fact that the presence of stable resistant subpopulations has been clearly 
demonstrated not only for L. monocytogenes [3, 4] but also for other microorganisms 
[5, 6], the mechanisms behind the increased stress resistance of these subpopulations 
are poorly understood. A mutation in the class III heat shock repressor ctsR was 
shown to be responsible for the increased HHP resistant phenotype for some 
L. monocytogenes variants [2, 7, 8]. Mutations in ctsR can lead to a defect in the 
repression of a number of chaperone encoding genes like clpC which results in 
transcription of these stress response genes. ctsR variants have been isolated after 
HHP stress in several L. monocytogenes strains and is the only mutation identified 
in stress resistant variants until now. Interestingly, the HHP resistant variants 
also showed increased resistance to other types of stress, including heat and acid 
stress. This led to the hypothesis that also heat and acid stress could select for this 
type of variants. Both heat and acid resistant variants have been isolated recently 
[8, 9] and for most of these heat resistant variants a mutation in ctsR was found 
which appears to be responsible for its increased heat resistance. However, the 
acid resistant variants are not further characterized yet and it is not known if these 
variants harbour the same mutation or if acid stress selects for a different type of 
variants. One of the most important and well-studied systems in acid resistance of L. 
monocytogenes is the glutamate decarboxylase (GAD) system [10]. An extracellular 
glutamate molecule is imported by an antiporter in exchange for an intracellular 
γ-aminobutyrate (GABA) molecule. Each molecule of glutamate is decarboxylated 
by a decarboxylase to produce a molecule of GABA. During this process a proton 
is consumed. This results in an increase of the cytoplasmic pH and thus protects 
the cell against the acidic environmental conditions [11]. Recently, a new model for 
the GAD system has been proposed by Karatzas et al. [12], in which two different 
GAD systems were discriminated. The intracellular GAD system uses metabolically 
synthesized glutamate and the extracellular system uses environmental glutamate 
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which is accumulated in the cell by dedicated transporters. The intracellular system 
for the production of GABA seems to be important for the LO28 strain in Brain 
Heart Infusion (BHI), which we also used in our study. Our study aims to get more 
insight in the population diversity of L. monocytogenes LO28 and the mechanisms 
underlying the multiple stress resistance. The combined phenotypic and genotypic 
approach led to new insights in the mechanisms of increased stress resistance of L. 
monocytogenes LO28 variants. Our findings emphasize the genotypic diversity within 
the L. monocytogenes population and indicate that different types of stress lead to the 
selection for different types of multiple stress resistant variants. 

Materials and Methods

Bacterial strains and culturing conditions 

Listeria monocytogenes LO28 wild type (WT) (Wageningen UR Food & Biobased 
Research, the Netherlands) and acid resistant variants [9] were used in this study. 
The stock culture was kept in 15% (v/v) glycerol (Fluka, Buchs) at -80°C, and before 
the experiments cells from stock were grown for 2 days at 30°C on brain heart infusion 
(BHI) agar (Oxoid, Hampshire). A single colony was used to inoculate 20 ml BHI 
broth. After overnight (ON) growth (18-22 h) at 30°C (Innova 4335; New Brunswick 
Scientific, Edison, NJ) with shaking at 160 rpm, 0.5% (v/v) inoculum was added to 
fresh BHI broth. Cells were grown in BHI at 30°C until late-exponential growth phase 
(OD600 = 0.4-0.5 reached after 4-5 h) or stationary phase (18-22 h of growth, OD600 

~2.0). Independent triplicates were performed for each experiment, unless indicated 
otherwise. For stress experiments, plates were incubated for 4-6 days at 30°C to allow 
recovery of the cells. Results were expressed as reduction in log10 cfu/ml by taking the 
difference in log10 cfu/ml at t0 and tx. For all other experiments, plates were incubated 
for 2 days at 30°C. 

Growth characteristics 

The growth rate at 37°C and 7°C was determined by the 2-fold dilution (2FD) method 
as described by Biesta-Peters et al. [13]. Briefly, stationary phase cultures were used 
for this experiment and diluted in BHI broth to an initial concentration of ~5 · 105

 

cfu/ml which was confirmed by plating on BHI agar plates. From this culture, four 
2FD in BHI broth were made in duplicate in a 100 well honeycomb plate and the 
final volume in each well was 200 µl. The plate was incubated in the Bioscreen C (Oy 
Growth Curves AB Ltd, Helsinki, Finland). The Bioscreen C was set to 37°C or 7°C 
with medium shaking and the OD600 was measured every 10 or 30 min respectively. 
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For the 7°C measurements, the Bioscreen C was placed in a cold room with an 
ambient temperature of ~4°C. This was done up to 3 weeks, until all wells reached an 
OD600 of at least 0.2 (time to detection (TTD). The maximum specific growth rate was 
determined by taking the reciprocal of the slope between the TTD and the ln(N0) for 
the four two-fold dilutions. These experiments were done with biological duplicates 
(7°C) and triplicates (37°C). 

Heat resistance

Heat inactivation experiments were carried out at 55 + 0.3°C in a water bath with 
shaking at 160 rpm (Julabo SW 23, Julabo Labortechnik, Germany). 400 µl late-
exponential phase culture was transferred into 40 ml preheated BHI broth. After 6 
min, 1 ml was taken and decimally diluted in peptone physiological salt (PPS; 0.1% 
peptone and 0.85% NaCl). A separate Erlenmeyer containing BHI broth at room 
temperature was used for the t=0 measurement. Appropriate dilutions were spiral 
plated on BHI agar (Eddy Jet, IUL Instruments). 

Hydrogen peroxide resistance 

Late-exponential phase cells were exposed to 420 mM H2O2 for 9 min. This time point 
was based on the inactivation kinetics of the WT and selected from the data points 
representing the fast inactivation phase preceding tailing, to achieve a significant 
reduction in plate counts but with final numbers well above the detection limit. The 
colony count at t=0 min was determined by adding directly 1 ml of the late-exponential-
culture into 9 ml PPS. The appropriate amount of 30% (w/v) H2O2 was added to the 
late-exponential phase culture and incubated at 30°C in a shaking waterbath. After 9 
min 1 ml was taken, added to 9 ml PPS and appropriate dilutions were made. Diluting 
and plating were done immediately to avoid continuous H2O2 inactivation in PPS. 

Benzalkonium chloride resistance 

Resistance of late-exponential phase cells to benzalkonium chloride (BAC) was 
determined similarly as described for hydrogen peroxide. Prior to the experiment, the 
count at t=0 was determined by serial dilution of the late-exponential phase culture in 
PPS. Then, 200 µl of a 5g/L BAC stock solution was added to 50 ml late-exponential 
phase culture, resulting in a 20mg/L final concentration. The culture was incubated 
at 30°C in a waterbath shaking at 160 rpm and after 5 min, a sample was taken and 
decimally diluted in PPS. Appropriate dilutions were spiral plated on BHI agar. 
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Glutamate decarboxylase activity 

Glutamate decarboxylase activity was tested for both late-exponential phase cells 
and stationary phase cells. 100 ml culture was used, of which 50 ml was used for 
t=0 measurements and 50 ml for measurements after exposure to pH 4.0 for 60 
minutes. This was chosen since no inactivation was observed for this conditions 
(data not shown) but it is described by Karatzas et al. [12] that the GAD system is 
activated under these conditions. Cells were harvested by centrifugation at 7000 x g 
and were resuspended in either BHI adjusted to pH 4.0 by 10M HCl (acid exposed 
samples) or BHI (t=0 samples). GABAi concentration was determined on cell lysates 
of t=0 and acid exposed samples and GABAe concentration was determined in 
the medium of the acid exposed cells. Cell lysates were prepared as follows: 50 ml 
culture was harvested by centrifugation at 9000 x g. The cell pellet was resuspended 
in 1 ml BHI, resulting in a cell count of ~1011 cells/ml. Cell suspensions (or media) 
were boiled for 10 minutes in an oil bath to lyse all the cells. Subsequently, the cell 
lysates or media were centrifuged in a tabletop centrifuge for 10 minutes at 9503 
x g. 500µl of the supernatant was transferred to a clean tube and used for GABA 
determination. A commercial preparation known as GABase (Sigma-Aldrich, the 
Netherlands) was used to determine the GABAi and GABAe concentrations. GABA 
was quantified as described by Tsukatani et al. [14] with modifications of Karatzas 
et al. [15] and O’Byrne et al. [16]. To correct for possible differences in cell density 
and cell size, the GABA results were corrected for total protein content. Total 
protein determination was done by using the Pierce BCA Protein Assay Kit (Thermo 
Scientific, the Netherlands). Total protein was extracted using B-PER™ Bacterial 
Protein Extraction Reagent (Thermo Scientific, the Netherlands) according to the 
manufacturer’s instructions. 

Motility testing 

The motility of the strains was tested as described previously [2]. Briefly, semisolid 
medium containing 0.25% (wt/vol) agar (Oxoid), 1% (wt/vol) bacteriological peptone 
(Oxoid), 0.5% (wt/vol) NaCl (Merck), 0.005% (wt/vol) 2,3,5-triphenyltetrazolium 
chloride (Sigma-Aldrich, the Netherlands) was inoculated by stabbing a single colony 
into the medium. After 3 days of incubation at 30°C, motile strains showed a red 
cloudy pattern as a result of the reduction of 2,3,5- triphenyltetrazolium chloride to 
formazan caused by bacterial metabolism. The LO28 WT and immotile HHP variant 
17 [2] were used as positive and negative control respectively. Isolates which showed 
no or reduced motility at 30°C were retested at 25°C to confirm reduced motility, 
since it is know that motility is temperature dependent [17]. 
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Biofilm formation 

Biofilm formation was studied in BHI at 30°C under static conditions. ON cultures 
were inoculated in fresh BHI broth (0.5% v/v) and a polystyrene 12-well plate 
was filled with 3 ml of this cell culture in duplicate. The polystyrene plates were 
incubated at 30°C for 48 ± 2h. After incubation, the supernatant was removed and 
the biofilms were washed 3 times with phosphate buffered saline (PBS). Biofilms 
were resuspended in 1 ml PBS by rigorous pipetting, serially diluted in PBS and 
plated on BHI agar. Plates were incubated at 30°C and counted after 2 days. 

Virulence indicators 

Lysis of the vacuole and thereby escape from the phagosomes, is critical in L. 
monocytogenes virulence [18]. Phosphatidylcholine phospholipase C (PC-PLC), 
or lechitinase, production is necessary for the breakdown of the bacterial plasma 
membrane after invasion in a human host cell, and is therefore considered a virulence 
factor in L. monocytogenes [19]. PC-PLC activity was measured as described by 
Coffey et al. [20]. Briefly, 2 µl ON culture was spotted in triplicate on BHI agar plates, 
containing 3% NaCl (w/v) and 5% (v/v) egg yolk. Plates were incubated for 2 days 
at 37°C and PC-PLC activity was determined by evaluating the precipitation zone 
around the colonies. The second factor which is responsible for vacuole escape is the 
pore-forming hemolysin, Listeriolysin O (LLO) [18]. LLO activity can be measured 
by degradation of red blood cells. Hemolysis was tested according to the ISO 11290-
1 method. Single colonies were streaked on blood agar plates containing 6% sheep 
blood. Plates were examined after 24 hours of incubation at 37°C and marked either 
++ (clear light zone of hemolysis), + (clear light zone under the colony, but not 
around) or - (no clear zone) for hemolysis.

gDNA extraction 

Genomic DNA of L. monocytogenes ON cultures was isolated by GenElute Bacterial 
Genomic DNA Kit (Sigma-Aldrich) using the manufacturers protocol for Gram-
positives. Instead of the supplied Elution Solution, 10 mM Tris-HCl pH 8.5 was 
used for the elution step to avoid residues of EDTA which can interfere with the 
sequencing reaction. gDNA concentration and purity was measured with an 
Eppendorf BioPhotometer. gDNA was stored at -20°C until further use in amplicon 
sequencing and whole genome sequencing.
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Amplification and sequencing of ctsR and rpsU

Primers used for amplification of ctsR [3] and rpsU are listed in Table 3.1. Primers 
used for the amplification were designed on the genome of L. monocytogenes EGDe 
by Primer3 and checked to also work for LO28. The amplification was performed 
with REDTaq DNA Polymerase (Sigma-Aldrich), at an annealing temperature of 
55°C and with an elongation time of 80 s in a MyCycler PCR instrument (Bio-Rad, 
the Netherlands). For variant 14, for which no rpsU PCR product was found, another 
primer pair was designed (rpsU_14, Table 3.1). The PCR products (1.2 kb and 900bp 
for ctsR and rpsU respectively) were purified by QIAquick PCR Purification Kit 
(Qiagen, the Netherlands) and sent for sequence analysis (Base Clear B.V., Leiden, 
the Netherlands). Sequences of the variants were compared to the WT sequence in 
BioEdit (v7.1.3).

Table 3.1: primers used for PCR followed by amplicon sequencing

Primers used for PCR followed by amplicon sequencing

target forward primer (5’→ 3’) reverse primer (5’→ 3’) source

ctsR GCAGGGATAAACGCTGAAAG ACTCCGGACATCCAACTC [3]

rpsU CGCGTAGTCCTCCACAATGA GCCAGAGAAGGCGAGGATAG This study

rpsU_14 ACGATTTCATGTTGACGATGC CGGTCCATTAGCCTTGTTGT This study

Primers used for RT-PCR

target forward primer (5’→ 3’) reverse primer (5’→ 3’) source

16S GATGCATAGCCGACCTGAGA TGCTCCGTCAGACTTTCGTC [2]

tpi AACACGGCATGACACCAATC CACGGATTTGACCACGTACC [2]

ctsR GATTAATGGTTGCGGCATTG CAAAGCAACTAACATCGCTCT [2]

clpC AGTCGATGTTTGGCGATGAG TGGAGGAGCCCCAACTAAAC [2]

sigB GAAGCAATGGAAATGGGAAA CATCATCCGTACCACCAACA This study

gadD2 AATACCTTGCCCATGCAGTC GGCTTGGAAATCTTGGATGA [15]

gadT2 CACGGCTAAAATCGCAAAAT GGAAGCTTCAACAAAAATGT [15]

rpsU CGTTTAAAGCGACGAAGAGCA CGGAGGGAGGGAAAGAGAGA This study

Gene expression of target genes

Gene-expression was studied in late-exponential phase. 1 ml cell culture was 
harvested by centrifugation at 13684 x g (Heraeus Biofuge Pico). The cell pellet was 
resuspended in 1 ml TRI reagent (Applied Biosystems) and flash frozen in liquid 
nitrogen. Samples were stored at -80°C until RNA extraction. RNA extraction was 
performed using the Direct-zol RNA MiniPrep kit (Zymo Research) according to 
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the manufacturer’s instructions, including the DNase treatment. RNA quantity 
was measured on the Nanodrop and the RNA was checked on degradation by gel 
electrophoresis. RNA samples were stored at -80°C. cDNA synthesis was performed 
by SuperScript III reverse transcriptase (Invitrogen). The real-time PCR was 
performed using SYBRgreen PCR MasterMix (Applied Biosystems) in a Bio-Rad 
CFX96 RT-PCR machine. The following steps were performed: initial denaturation 
(4 min at 95°C), amplification (40 cycles of 95°C for 15 s, 59°C for 1 min) and a 
melting step (65-95°C with 0.5°C steps) to confirm a single product was formed. A 
standard curve was included to calculate the PCR efficiency for each primer pair. 
Primers used in this study were taken from literature or designed by Primer3 and 
are listed in Table 3.1. 16S and tpi were used as reference genes and evaluated by 
BestKeeper (version 1) [21]. Relative expression ratios were calculated with the 
pairwise fixed reallocation randomization test using the relative expression software 
tool (REST) [22]. 

Whole genome sequencing and structural variation (SV) analysis 

Genomic DNA of LO28 WT and variants 3, 7, 9, 10, 12, 14, 15, 17, 21 and 22 was 
sent to GATC Biotech (Germany) for library preparation and Illumina paired end 
sequencing. The WT reads were assembled using the Ray assembler [23] and 
annotated with RAST [24]. For the SV  (SNPs and small insertion and deletions) 
analysis, low-quality ends of reads (Phred score ≤40) were trimmed and reads 
shorter than 31 bases were removed with Trim Galore (http://www.bioinformatics.
babraham.ac.uk/projects/trim_galore/). SV analysis was done with the tool 
ROVAR (http://trac.nbic.nl/rovar), which uses BLAST-like alignment tool (BLAT) 
[25] version 34, to align reads to a repeat-masked reference sequence. A stringent 
filtering approach was used to minimize false-positive SVs calls: (1) a SNP should 
be supported by at least 1 forward read and 1 reverse read, (2) by at least 5 unique 
reads, (3) by at least 20 reads in total, and (4) at least 99% of the reads mapping to 
the region of the SNP should support the SNP. 

Clustering of variants based on phenotype 

Initial clustering was performed with the WT and a set of 7 selected variants (3, 7, 9, 
13, 14, 15 and 23) for which a total of 14 phenotypes were determined. The phenotypes 
that were included in the clustering are: acid- , heat- , BAC and H2O2 -resistance 
of late-exponential phase cells, maximum specific growth rate in BHI at 7°C, 37°C 
(Figure 3.1), 30°C and in pH 5.0 at 30°C [9], biofilm formation, motility, hemolysis 
and phospholipase activity (Table 3.2), GAD activity (Figure 3.3) and cell size (data 
not shown). Hierarchical clustering was performed in SPSS (IBM SPSS Statistics 
19) by Euclidian distance and within group linkage. Values were standardized on 
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z-values. Based on the 6 phenotypes that were determined for all 23 variants (growth 
at 7°C and 37°C, acid resistance, motility, hemolysis and phospholipase activity) the 
remaining 16 variants were added to a matching cluster if possible. 

Statistical analysis

A 2-tailed Student’s t-test was used to determine statistically significant differences 
between the WT and variants for the phenotypes. A p<0.05 was considered 
significant. 

Results

Growth characteristics and selection of model variants

Twenty-three stable acid resistant variants of L. monocytogenes LO28 were previously 
divided into 3 groups, based on their acid resistance: slightly acid resistant, highly 
acid resistant and variably acid resistant [9]. The maximum specific growth rate was 
determined for these 23 variants in BHI broth at 7°C and at 37°C (Figure 3.1). At 
37°C variant 9 clearly grew slower than the wild type (WT). Also variants 12 and 13 
showed a significantly reduced growth rate at 37°C. 

Variants 8 and 12, although displaying a significantly lower µmax than the WT (0.053 
and 0.058 versus 0.076 h-1 respectively), did not show such a dramatically decreased 
growth rate The other variants showed similar growth as the WT at 37°C and the 
clear trend between acid resistance and growth rate which was established at 30°C 
[9] was not so apparent at 37°C. However, at 7°C there was a clear reduction in 
growth rate for the most highly acid resistant variants. Only variants 10 and 13 of 
the highly resistant group did not show a significantly lower µmax than the WT, all 
the other highly resistant variants did. as the other variants from the highly resistant 
group (µmax <0.035 h-1). Variant 7 showed a significantly reduced growth rate. Within 
the group of slightly resistant variants, only variant 5 had a significantly lower growth 
rate than the WT. The acid resistance and growth characteristics of the 23 variants 
were the basis for selecting seven model variants for further detailed phenotypic 
characterization, namely variants 3, 7, 9, 13, 14, 15 and 23.
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Figure 3.1: Maximum specific growth rate of L. monocytogenes LO28 WT and acid resistant variants in 
BHI at 37°C (A) and 7°C (B), determined by the 2 fold dilution method. Dark grey bars indicate the slightly 
resistant variants, light grey the variable resistant variant and white the highly acid resistant variants [9]. 
Error bars represent the standard deviation of the mean for three (A) or two (B) independent replicates. 
Significantly different values for µmax compared to the WT are indicated by * (p<0.05) 

Multiple stress resistance and the role of the glutamate decarboxylase system

Late-exponential-phase cells of the selected variants and the WT were exposed to 
heat, hydrogen peroxide and benzalkonium chloride (BAC). Heat and acid resistance 
were correlated in these variants (Figures 3.2A and 3.2B). The five variants from the 
highly acid resistant group also showed highly increased survival after 6 minutes 
exposure to 55°C compared to the WT. Whereas the WT shows an almost 4 log10 cfu/
ml reduction after the exposure time of 6 minutes, there was less than 0.5 log10 cfu/
ml reduction for these five variants. Variant 7, showing variable acid resistance, was 
also significantly more heat resistant than the WT, but with 1 log10 reduction less 
resistant than the highly resistant group. Slightly acid resistant variant 3 did not 
show significantly increased heat survival. Exposure to the disinfectants hydrogen
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peroxide and benzalkonium chloride showed a different trend (Figures 3.2C and 
3.2D) and revealed diversity within the highly resistant group. Variant 9 showed a 
significantly increased sensitivity to H2O2 and a similar sensitivity as the WT towards 
BAC, whereas variants 13, 14, 15 and 23 were significantly more resistant to BAC. 
Variant 7 showed a variable response towards BAC, as was also observed after acid 
exposure. 

The GAD system is one of the most important systems in L. monocytogenes to 
overcome acid stress. Therefore, the activity of the GAD system in the WT and 
variants was evaluated, by measuring the amount of intracellular and extracellular 
GABA (GABAi and GABAe respectively) before and after acid exposure. From Figure 
3.3 it can be seen that the WT and all variants had a functional GAD system. It was 
also attempted to measure GABAe levels, but in all cases the concentration was 
below the detection limit. In all cases the amount of GABAi was increased after 
an hour exposure to pH 4.0. Variants 13, 14, 15 and 23 displayed higher levels of 
intracellular GABA, both before and after exposure to pH 4.0 compared to the WT. 
Variant 7 showed a significantly higher GAD activity before acid exposure but was 
not significantly different (p=0.052) from the WT after pH 4.0 exposure. Especially 
when comparing the GABAi levels after acid exposure, it can be seen that variants 14, 
15 and 23 showed more than twice the GABAi levels as those measured in the WT. 
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Figure 3.3: GABAi concentration of stationary phase cells exposed to pH 4.0 in BHI for 60 min. Solid 
bars are the GABAi concentrations at t=0 and dashed bars at t=60 min. GABAi concentrations are 
corrected for total amount of protein. Error bars include the standard deviation of the GABA and protein 
measurements and significant differences (p<0.05) from the WT are indicated with *.

This indicated a possible role of the GAD system in the observed increased acid 
resistance. However, the increased acid resistance observed in variant 9 was not 
reflected by an increased GAD activity. On the other hand, the relative increase in 
GABAi concentration after one hour exposure to pH 4.0 compared to t=0 was higher 
for this variant. The expression levels of selected GAD genes gadD2 and gadT2 in 
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stationary-phase cells grown in BHI were determined for the WT and variants 3, 7, 
9, 13, 14 and 23 by RT-PCR. These genes were chosen as they have been shown to be 
the major contributors in survival at severe pH stress [26]. No significant differences 
in the expression of these genes between WT and variants was observed.

Motility, biofilm formation and virulence indicators

Motility was tested for all 23 acid resistant variants and all variants were motile at 
25°C and 30°C (Table 3.2) suggesting that all the variants possessed flagella, although 
variants 10 (data not shown) and 13 showed somewhat reduced motility. Some HHP 
resistant variants lost their motility completely [2], which was apparently not the 
case for the currently investigated variants. Biofilm formation was tested for the 
seven selected variants in BHI at 30°C. 48h biofilms were evaluated based on their 
viable counts (Table 3.2). All variants were capable of forming dense biofilms, with 
counts higher than 9 log10 cfu/well for all variants, and these counts were comparable 
to the WT. All the variants and the WT were positive for the virulence indicators 
hemolysis and phospholipase-C. However, both indicators were reduced in variant 
13 compared to the WT (Table 3.2). 

Table 3.2: Motility, biofilm formation, hemolysis, phospholipase-C activity of the variants

Motility Biofilm formation Phospholipase-C Hemolysis

LO28 WT ++ ++ +++ ++

Variant 3 ++ ++ +++ ++

Variant 7 ++ ++ +++ ++

Variant 9 ++ ++ ++ ++

Variant 13 + ++ + +

Variant 14 ++ ++ ++ ++

Variant 15 ++ ++ ++ ++

Variant 23 ++ ++ ++ ++

For motility, biofilm formation and hemolysis: ++: strongly positive, +: positive. For phospholipase-C: 
+++: strongly positive, ++: positive, +: positive but weak.

Evaluation of the genetic basis for increased stress resistance

The ctsR and upstream region was sequenced for all the 23 variants. HHP resistant 
variant 6 (HHP6) [2] was included as a control, since this variant is known to have 
a GGT deletion in the glycine repeat region. The 3bp deletion was confirmed in this 
variant. None of the acid resistant variants had a mutation in the sequenced ctsR 
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region (data not shown). The sequencing data were confirmed by expression data 
of clpC and ctsR of late-exponential-phase cells. None of the seven model variants 
showed a significant up or down regulation of these genes compared to the WT (data 
not shown). This is in contrast to the observed upregulation of both ctsR and clpC of 
the HHP6 ctsR variant [2]. Both the sequencing and expression data showed that the 
increased resistance of the acid resistant variants is not caused by a ctsR mutation. 
Whole genome sequencing of 10 acid resistant variants (3, 7, 9, 10, 12, 14, 15, 17, 
21 and 22) and LO28 WT, followed by SV analysis indicated 3 single nucleotide 
polymorphisms (SNPs) in a total of 5 variants. Variant 3 and 17 had a T instead of a 
G at position 2933571. Due to the low quality of the sequence in this region it was not 
clear whether this SNP was present in an open reading frame (ORF) and therefore 
not further looked into. Variant 12 had a T instead of a C at position 1411623, which 
is located in a hypothetical protein. This SNP was confirmed in variant 12 by PCR 
and amplicon sequencing. This gene of the other variants was also amplified and 
sequenced, but found to be intact in all 22 other variants. The third SNP was the same 
mutation (C instead of G at position 1652445) in variant 15, 17 and 21. A nucleotide 
BLAST search of the ORF where this presumable SNP was present indicated that 
the annotated gene was rpsU, encoding 30S ribosomal protein S21. Amplification 
of rpsU and its promoter region of all 23 variants, followed by sequencing of the 
resulting PCR products, confirmed an rpsU mutation to be present in these 3 and an 
additional 8 variants. The mutations are visualized in Figure 3.4. 

Although all 11 variants had a mutation in the same region, 5 different mutations were 
identified amongst them. Variants 11, 15, 17, 20 and 21 had the same point mutation, 
which resulted in an arginine changing into a proline in the protein. Variant 23 had 
a point mutation in the ribosome binding site (RBS) of rpsU. Variants 16, 19 and 22 
had a 4bp deletion, also in the RBS of rpsU. Variant 18 had 1 bp deleted in the rpsU 
gene, resulting in a frameshift after 8 amino acids. Lastly, variant 14 did not give a 
PCR product with the rpsU primers used (Table 3.1). Another primer pair (rpsU_14), 
aiming at a 1.6 kb product for the WT, resulted in a PCR product of ~300 bp for variant 
14. A 1346 bp deletion, starting 144 bp upstream rpsU and covering rpsU, yqeY and 
half of phoH was confirmed in this variant after amplicon sequencing. Although 
different mutations appeared to be present, all these changes in nucleotide sequence 
affect the RBS or amino acid sequence in such a way that they potentially resulted in 
a reduction of active S21 protein. Expression of rpsU during late-exponential phase 
was determined for the seven model variants and confirmed that in the rpsU variants 
14, 15 and 23, expression of rpsU was significantly downregulated by 5.8 log2 ± 0.001 
and 3.9 log2 ± 0.010 fold for variant 15 and 23 respectively. Variant 14 did not show 
any expression for rpsU in 2 out of 3 replicates and a Ct > 30 for the third replicate, 
indicating a severe downregulation in this variant as well. The variants with an intact 
rpsU gene and upstream region showed rpsU expression similar to the WT. 
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Phenotypic clustering

Hierarchical clustering was performed on the seven model variants and the WT 
(Figure 3.5) based on all the 14 measured phenotypic characteristics. The seven 
variants and WT were divided in 5 clusters. The first cluster included the WT and 
slightly resistant variant 3 (Cluster A). This variant only displayed slightly increased 
acid resistance, but for all the other phenotypes it showed similar behaviour to the 
WT. The second cluster contains variants 14, 15 and 23 (Cluster B). These variants 
were characterized by increased survival under acid, heat and BAC stress, increased 
GAD activity, reduced growth rate at 7°C, normal motility, normal biofilm formation 
and normal hemolysis. 

Figure 3.5: Hierarchical cluster analysis based on Euclidean distance of the phenotypes (A) and heat map 
of the 6 phenotypes for each cluster (B). The variants in black were the initial selection for cluster analysis 
and the grey variants were used to validate the resulting clusters. The heat map was made by taking the 
average of each phenotype within one cluster. Subsequently, the relative ratio of the cluster to the WT was 
calculated for each phenotype.

There were 3 variants which did not cluster with another variant. Variant 9 was 
characterized by reduced growth rate under all measured conditions, increased 
sensitivity to H2O2 but increased resistance to heat and acid. Variant 7 was very 
close to cluster B, but with its more intermediate acid resistance and higher growth 
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rate, not part of this cluster. Variant 13 fell out of the larger cluster, mainly due to its 
reduced motility, hemolysis and phospholipase-C activity and the fact that it did not 
show reduced growth at 7°C compared to the WT, which was characteristic for cluster 
B. In order to compare the remaining 16 variants to the seven model variants and to 
confirm that these seven are representative of the diversity within the population, the 
phenotypic clustering was extended with the remaining 16 variants. This was done 
based on the 6 phenotypic characteristics that were known for all 23 variants (acid 
resistance, growth characteristics, motility, hemolysis and phospholipase-C). All 
slightly acid resistant variants (1, 2, 4, 5 and 6) were grouped in cluster A. The largest 
cluster (B) consisted of the variants that showed highly increased acid resistance, 
combined with severely reduced growth rate at 7°C but unaffected growth rate at 37°C. 
Eleven of the 23 variants fell within this cluster B. Interestingly, these are exactly 
the 11 variants in which a mutation in rpsU was identified. Variant 8 did not show 
significant differences with variant 7 on any of the 6 phenotypes, despite the fact that 
variant 7 was initially comprising its own group, due to its variable behaviour. These 
variants formed cluster C. Two variants could not be placed in any of the clusters, 
namely variants 10 and 12, which mostly show the phenotypes of cluster B, apart from 
the fact that they do not show the dramatically reduced growth rate at 7°C which is 
typical for cluster B. On top of that, variant 12 showed a significantly lower growth 
rate at 37°C and variant 10 shows reduced motility, phospholipase and hemolysis 
(data not shown). Based on these phenotypes it can be concluded that 3 clusters and 
4 individual variants were distinguished within the 23 acid resistant variants.

Discussion

During the transition from soil to human, L. monocytogenes encounters several 
adverse environmental conditions [1]. Genotypic diversity within the bacterial 
population may allow for elevated survival and growth in these different niches. The 
presence of several small, but highly resistant subpopulations increases the fitness of 
the population as a whole as it enables survival of several adverse conditions the 
population might encounter. Our current findings are an important step in unravelling 
the mechanisms of highly increased resistance of stress resistant variants. The 
phenotypic characterization indicated a wide diversity within the L. monocytogenes 
LO28 WT population and that different phenotypic characteristics are selected for by 
applying different types of stress. Based on acid resistance, the 23 variants could be 
divided in 3 groups; slightly increased acid resistance, variable acid resistance and 
highly increased acid resistance [9]. Although all variants were isolated after acid 
exposure (pH 3.5 for 90 min), many of the variants were characterized by resistance 
towards other types of stress as well. The observed phenotypic diversity is in line with 
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the variants isolated after HHP treatment, which also showed a large phenotypic 
diversity and multiple stress resistance [2]. Some of the phenotypic characteristics 
observed in the HHP resistant variants were observed in the acid resistant variants as 
well. Heat resistance and acid resistance were strongly correlated in both types of 
variants, as well as the impaired growth under a range of environmental conditions. 
However, also differences between HHP- and acid selected variants were observed. 
Comparison of the phenotypic clusters indicates that the majority of the HHP resistant 
variants cannot be classified in any of the phenotypic clusters of the acid resistant 
variants. The possibility of overlapping mechanisms of increased resistance in 
variants isolated after either HHP stress or acid stress cannot be completely excluded 
based on the phenotypic characterization alone, but it seems that the majority in both 
groups of variants is specific to the type of stress after which the variants have been 
isolated. This was also confirmed by the genotypic characterization. None of the acid 
resistant variants had a mutation in the ctsR gene or upstream region. On the other 
hand, all 11 members of cluster B were shown to have a mutation in or upstream of 
their rpsU gene, whereas this mutation was not found in the same region of any of the 
other 12 variants. The clear correlation of this mutation with one phenotypic cluster 
strongly suggests the mutations in this region to be related to the growth defects and 
increased stress resistance of this cluster of variants. The fact that these mutations 
alter the upstream region or affect the amino acid sequence of the gene itself, together 
with downregulation of rpsU in late-exponential phase cells of the rpsU variants, 
suggests a potential role of rpsU in stress resistance. The rpsU gene encodes the 30S 
small subunit ribosomal protein S21. In L. monocytogenes rpsU is located between 
rsmE (a putative 16S rRNA methyltransferase) and yqeY (hypothetical protein). 
Interestingly, variant 14 had a large deletion, covering rpsU, yqeY and part of phoH 
but it clustered phenotypically with the other rpsU variants. Apparently, the loss of 
expression of yqeY and phoH encoded proteins did not have additional phenotypic 
effects in the tested conditions. There is not much known about the specific function 
of ribosomal protein S21 in L. monocytogenes or about its role in stress resistance in 
general, but in E. coli and Bacillus subtilis some more work has been done. A ΔrpsU 
mutant in B. subtilis showed unusual ribosome profiles, a reduced growth rate, and 
reduced motility [27]. Although motility was unaffected in the L. monocytogenes 
rpsU variants, the reduced growth rate was also observed. The fact that the ribosomal 
profiles were different in the B. subtilis mutants indicated that S21 is an important 
protein in correct functioning of the ribosomes [27] but the effect of knocking-out 
rpsU in B. subtilis on its stress resistance was not evaluated. Deletion of the genes 
encoding ribosomal proteins L31 and L25 in B. subtilis did result in phenotypes with 
increased stress resistance [28, 29]. Some recent proteome and transcriptome studies 
in L. monocytogenes found differential expression of ribosomal proteins upon stress 
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exposure [30-33]. Also, a role in cold adaptation and cold stress response of L. 
monocytogenes has been suggested for specific ribosomal proteins [32-34]. Notably, 
in other microorganisms expression of S21 was suggested to be temperature-
regulated. In the cyanobacterium Anabaena variabilis, the transcription of the rbpA-
rpsU operon was upregulated at low temperature (22°C) compared to high 
temperature (38°C) [35] which was correlated with higher levels of protein S21 at low 
temperature [36]. In the soil bacterium Sinorhizobium meliloti rpsU is located in a 
cold shock operon with cspA. The authors suggest that increased synthesis of S21 
might function to compensate for the reduced initiation of translation, caused by the 
low temperature [37]. Our data suggest that also in L. monocytogenes protein S21 
plays a role in growth at low temperature, since all rpsU variants show a severely 
reduced growth rate in BHI at 7°C compared to the WT. This growth defect is still 
visible at 30°C [9] but restored at 37°C. The link between rpsU and acid resistance or 
the effect of rpsU on the regulation of any of the stress response genes of L. 
monocytogenes has not been studied to our knowledge. One possibility is that the 
stress resistance of the variants is a direct effect of the reduced growth rate, since it 
has been reported that reduced growth rate increases the stress resistance of L. 
monocytogenes [38]. The inverse correlation between acid resistance of the variants 
and the growth rate under the conditions at which the cells are grown prior to acid 
exposure (BHI, 30°C [9]) supports this hypothesis. The energy invested in increased 
stress resistance seems to be at the expense of the growth rate. Whereas in one 
environment the increased stress resistance might be a major advantage, the reduced 
growth rate might pose a disadvantage in other competitive environments [39]. A 
reduced growth rate was observed in the ctsR mutants [2] as well, most likely as a 
consequence of the constant activation of the chaperones under the regulation of ctsR 
which is a costly process for the cell. The reduced growth rate can therefore also be 
considered as a trade-off for the increased stress resistance. One clear phenotype that 
was observed in not only the three rpsU variants but also variants 7 and 13 is the 
increased glutamate decarboxylase activity. The glutamate decarboxylase system is 
one of the most important acid survival mechanisms in L. monocytogenes. Although 
the system, its function and its exact mechanism have been studied intensively over 
the last years, also many aspects are not clear yet. For L. monocytogenes LO28 it is 
known that the glutamate/GABA antiporters are not active in BHI and that only the 
intracellular GAD system is responsible for the conversion of glutamate into GABA 
[15]. In general, increased levels of GABAi have been correlated to increased acid 
resistance of several L. monocytogenes strains. In five of the seven variants in which 
the GADi activity was determined, an approximately 2-fold increase in activity 
compared to the WT was observed.  This is in line with previous data reported by 
Karatzas et al. [12] who observed that the 2 log10 higher survival upon acid exposure 
of the WT compared to the gad mutants corresponded with around 2-fold higher 
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GAD activity. Although higher GABAi levels were observed in the variants, this was 
not reflected by an increased gene expression of the gad genes. One possibility is that 
earlier during growth these genes were transiently higher expressed in the selected 
acid resistant variants but showing no detectable differences in mRNA levels in 
stationary phase. Since the gad genes are regulated by sigB [40], expression levels of 
sigB were determined as well (data not shown) and were not found to be significantly 
different between WT and variants. Since the GAD activity under the measured 
conditions solely depends on the GADi system, and therefore on intracellular pools of 
glutamate, it can be speculated that the increased GABA concentrations are caused by 
a higher concentration of intracellular glutamate in these five variants compared to 
the WT. Until recently, the L. monocytogenes ctsR gene appeared to be the main 
mutation hot spot in natural variants isolated after single stress exposure to heat and 
high pressure [8]. It was surprising that acid exposure did not lead to selection for 
ctsR variants, although according to van Boeijen et al. [2], the ctsR variants also show 
increased resistance to pH 2.5 for 3 min. Studying the inactivation kinetics of ctsR 
variant HHP6 at 3.5 showed that the ctsR variant is equally sensitive as the LO28 WT 
(data not shown). Considering the estimated fraction of ctsR mutants in the LO28 WT 
population of 6.5 ∙ 10-6 [8], there will be a probability of 1 in ~100.000 of isolating a 
ctsR mutant after exposure to pH 3.5. This could explain that no ctsR variants were 
isolated after 90 min at pH 3.5 and strengthens the observation that different types of 
stress, as well as different levels of stress lead to the selection for different types of 
variants. The large variety of phenotypes that were isolated after randomly chosen 
durations of stress exposure highlights the large phenotypic diversity within the L. 
monocytogenes population. The combination of phenotypic characterization and 
whole genome sequencing proved to be a powerful tool in getting new insights in the 
population diversity of L. monocytogenes and possible mechanisms involved in the 
observed stress tolerance. However, the genetic background for the increased 
resistance of the other variants remains unclear. This could be due to insufficient read 
coverage of specific genomic regions or the presence of deletions or insertions larger 
than about 6 bp that were not taken into account in the SV analysis. To our knowledge, 
it has not been reported before that a mutation and subsequent down-regulation of 
one of the ribosomal proteins in L. monocytogenes can be advantageous for the 
bacterial cell under selected conditions by increasing its stress resistance. The trade-
off for this increased resistance seems to be the reduced growth ability, especially at 
low temperature. The impact of these mutations and the corresponding trade-offs on 
food safety should be studied in more detail. Also, further investigation on a molecular 
and transcriptome level will provide us with a better understanding of the role of 
ribosomal proteins in general stress resistance and their role in the generation of 
genotypic heterogeneity within bacterial populations.
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Abstract

Population diversity and the ability to adapt to changing environments allows 
Listeria monocytogenes to grow and survive under a wide range of environmental 
conditions.  In this study, we aimed to evaluate the performance of a set of acid 
resistant L. monocytogenes variants in mixed-species biofilms with Lactobacillus 
plantarum as well as their benzalkonium chloride (BAC) resistance in these biofilms. 
L. monocytogenes LO28 wild type and acid resistant variants were capable of 
forming mixed biofilms with L. plantarum at 20°C and 30°C in BHI supplemented 
with manganese and glucose. Homolactic fermentation of glucose by L. plantarum 
created an acidic environment with pH values below the growth boundary of L. 
monocytogenes. Some of the variants were able to withstand the low pH in the 
mixed biofilms for a longer time than the WT and there were clear differences in 
survival between the variants which could not be correlated to (lactic) acid resistance 
alone. Adaptation to mild pH of liquid cultures during growth to stationary phase 
increased the acid resistance of some variants to a greater extent than of others, 
indicating differences in adaptive behaviour between the variants. Two variants that 
showed a high level of acid adaptation when grown in liquid cultures, showed also 
better performance in mixed species biofilms. There were no clear differences in BAC 
resistance between the wild type and variants in mixed biofilms. It can be concluded 
that acid resistant variants of L. monocytogenes show diversity in their adaptation 
to acidic conditions and their capacity to survive in mixed cultures and biofilms with 
L. plantarum. 
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Introduction

Contamination of food products with the human pathogen Listeria monocytogenes 
can occur through detachment and transfer of cells from biofilms present in food 
production lines [1]. Biofilms are complex structures and several environmental 
conditions, like temperature and nutrient availability, can affect the composition of 
these biofilms [2]. L. monocytogenes can be found as part of mixed species biofilms, 
making the biofilm structure even more complex than those of single biofilms [1, 
3]. The spoilage organism Lactobacillus plantarum favours similar niches as L. 
monocytogenes, mostly related to similar preferences in carbohydrate utilization 
[4]. L. monocytogenes has been recovered from fermented food products where 
high levels of L. plantarum were present [5, 6]. Furthermore, these two species have 
been shown to be able to form mixed biofilms in a range of conditions [7]. During L. 
plantarum growth on glucose, homolactic fermentation results in high concentrations 
of lactic acid [8]. Van der Veen and Abee [7] showed that the pH in mixed species 
biofilms of L. monocytogenes with L. plantarum in a glucose-rich medium can drop 
as low as pH 3.4, which is below the growth boundary of L. monocytogenes [9]. Even 
though L. monocytogenes normally does not survive well in such acidic conditions, 
it has been demonstrated that heterogeneity exists within bacterial populations and 
variants of L. monocytogenes have been isolated which are highly acid resistant [10]. 
These variants, which are stable acid resistant fractions of the WT population, are 
phenotypically and genotypically diverse. It has been shown that a large fraction of 
these variants, besides being highly acid resistant, display a multiple stress-resistant 
phenotype, which allows them to survive under harsh environmental conditions. 
Some of the variants were capable of forming dense biofilms in BHI and showed also 
increased survival to the quaternary ammonium compound (QAC) benzalkonium 
chloride (BAC) in late-exponential phase liquid cultures [11]. BAC is a disinfectant 
which acts on the bacterial cell membrane, causing leakage of the cytoplasm [12]. 
Because BAC is active against a wide range of spoilage organisms and pathogens it 
is widely used in food industry [12]. In general, cells in biofilms are more resistant 
to BAC than planktonic cells and the composition of the biofilm is an important 
determinant in biofilm resistance to BAC treatments [13]. It was shown that mixed 
species biofilms are even more resistant to disinfection treatments than single 
species biofilms [7]. The exact mechanisms underlying this increased resistance of 
mixed species biofilms is not exactly understood but seems to be dependent on the 
combination of species, the environmental conditions under which the biofilm was 
formed and the disinfection treatment used [14, 15]. The diversity as encountered 
within L. monocytogenes populations allows small resistant fractions to survive 
and grow under a wide range of environmental conditions. When these resistant 
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populations are present in food production lines, they may form or get incorporated 
into biofilms. Survival and BAC resistance of L. monocytogenes variants might 
be differently affected than  the WT in an acidic biofilm with L. plantarum. It is 
commonly known that growth history and acid adaptation of L. monocytogenes 
can affect its subsequent biofilm formation and acid resistance, which may increase 
robustness of cells when dispersed [16-19]. Information on behaviour of stress-
resistant L. monocytogenes variants in biofilms helps to evaluate the potential role 
of the L. monocytogenes population diversity in surface attachment and the risk 
of persistence in food processing facilities. The aim of this study therefore was to 
evaluate the performance of L. monocytogenes LO28 WT and acid resistant variants 
in mixed species biofilms with L. plantarum WCFS1 and to determine their BAC 
resistance.

Materials and methods

Bacterial strains and culturing conditions

Lactobacillus plantarum WCFS1 wild type [8] (Laboratory of Food Microbiology, 
Wageningen University, the Netherlands), Listeria monocytogenes LO28 wild type 
(Wageningen UR Food & Biobased Research, the Netherlands) and eight Listeria 
monocytogenes LO28 acid resistant variants [10] were used in this study. The stock 
cultures were kept in 15% (v/v) glycerol (Fluka) at -80°C, and before the experiments 
cells from the stock were grown for two days at 30°C on brain heart infusion (BHI) 
agar (Becton Dickinson (BD)) or De Man, Rogosa and Sharpe (MRS) agar (Merck), 
for L. monocytogenes and L. plantarum respectively. 

Mixed biofilms of L. monocytogenes and L. plantarum

Overnight (ON) cultures of L. monocytogenes and L. plantarum were made by 
inoculating a single colony in 10 ml BHI (BD) supplemented with 0.005% (w/v) 
manganese sulphate and 2% (w/v) glucose (BHI-Mn-Glu; both from Merck) as 
described by Van der Veen and Abee [7] and grown at 30°C (18-22h). 3 ml fresh 
BHI-Mn-Glu was added to each well of a 12-well plate (Greiner Bio-One) and each 
well was inoculated with 30 µl L. monocytogenes ON culture and 30 µl L. plantarum 
ON culture, corresponding to an initial concentration of ~7.5 log10 cfu/ml for each 
species. One well with only medium was used as a negative control. The 12-well 
plates were incubated at 20°C for 12, 24, 36 and 48 h and at 30°C for 12, 18 and 24 h. 
20°C was included because it represents ambient temperature and because 30°C is 
commonly used in literature this temperature was included for comparison reasons. 
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The time points were chosen based on the different acidification rates at the two 
temperatures. After incubation, the biofilm supernatant was pipetted from the wells. 
Biofilm supernatants were used for pH measurements and cells were enumerated as 
described below. The biofilm was washed three times with 3 ml phosphate buffered 
saline (PBS) and after the third wash, the biofilm cells were resuspended in 1 ml PBS 
by rigorous pipetting as described by Van der Veen and Abee [7]. Serial dilutions 
were made in PBS for the biofilm cells and the biofilm supernatant cells and the 
appropriate dilutions were spread plated on MRSA for L. plantarum enumeration 
and ALOA (bioMérieux) for L. monocytogenes enumeration. MRSA plates were 
incubated in anaerobic jars and all plates were incubated for two days at 30°C. 
Experiments were performed in independent triplicates.

Benzalkonium chloride (BAC) resistance of mixed biofilms

Biofilms cultured for 24h at 20°C and biofilms cultured for 12h at 30°C were made 
as described above by inoculation of 1 ml BHI-Mn-Glu with 10 µl ON culture of 
both L. monocytogenes and L. plantarum in duplicate wells. These time points 
were chosen since the L. monocytogenes cell counts and pH in the biofilms were 
similar at these time-temperature combinations. Resistance to BAC of the intact 
biofilms, biofilm cells that were resuspended in PBS and biofilm supernatant cells 
was determined as described below.  BAC (Acros Organics, Belgium) solutions were 
made by diluting a stock solution of 50 g/L in water to the appropriate concentration 
(200 mg/L for biofilms, 40 mg/L for resuspended biofilm cells and 20 mg/L for 
biofilm supernatant cells). The different cell types have a different BAC susceptibility 
[20]  and concentrations were chosen to achieve a significant reduction in culturable 
counts after 15 min BAC exposure however with final numbers reached well above the 
detection limit. To test the BAC resistance of the intact biofilms, the supernatant was 
removed and the biofilm was washed three times with 1 ml PBS. 1 ml BAC solution 
was added to one well and 1 ml PBS was added to the other well as a control. After 15 
minutes BAC or PBS exposure, 1 ml Difco D/E Neutralizing agent (BD, Le Point de 
Claix, France) was added and the cells were resuspended by pipetting rigorously. To 
test the BAC resistance of the resuspended biofilm cells the procedure for washing 
was similar as for washing the intact biofilms, but after 2 times washing with PBS, 
the biofilm cells were resuspended in 1 ml of PBS by rigorous pipetting, spun down 
(Hereaus, Biofuge Pico) at 4000 · g and resuspended in 1 ml BAC (exposure) or 
PBS (control). After 15 min, 500 µl was added to 500 µl D/E neutralizing agent. For 
the BAC resistance of the biofilm supernatant cells, the supernatants were separated 
from the biofilms, centrifuged (Hereaus, Biofuge Pico) at 4000 · g and washed in 
PBS three times (similar as three times washing with PBS for the biofilms) and after 
the last washing step resuspended in 1 ml BAC or PBS. After 15 min, 500 µl of this 
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cell suspension was added to 500 µl D/E neutralizing agent. From all the neutralized 
cell suspensions (biofilms, resuspended biofilm cells and biofilm supernatant cells) 
serial dilutions were made in PBS and 100 µl of the appropriate dilutions were plated 
on ALOA and MRSA. Plates were incubated and enumerated as described above. 
Experiments were performed in independent triplicates.

Lactic acid survival of L. monocytogenes

A single colony was used to inoculate 10 ml BHI broth (Oxoid, Basingstoke, Engeland). 
After ON growth (18-22 h) at 30°C (Innova 4335; New Brunswick Scientific) with 
aeration at 200 rpm, 0.5% (v/v) inoculum was added to 50 ml fresh BHI broth in 
an Erlenmeyer flask. Cells were grown in BHI at 20°C or 30°C with aeration until 
stationary phase. Stationary phase was defined as 3-6 hours after reaching Nmax 
(~9.5 log10 cfu/ml, OD600 ~2.0). Acid inactivation experiments were performed as 
described by Metselaar et al. [10], but BHI was adjusted to pH 3.4 [7] with 85% 
lactic acid syrup (Sigma-Aldrich, the Netherlands). Briefly, 10 ml stationary phase 
culture was centrifuged (5 min, 2880 · g) and resuspended in 0.5 ml peptone 
physiological saline (PPS). This cell suspension was added to 4.5 ml BHI with lactic 
acid, prewarmed at 30°C. Samples were taken after t=0 min (directly after adding the 
cells to BHI with lactic acid) and t=25 min (20°C) or t=90 min (30°C) of lactic acid 
exposure. Serial dilutions were made in BHI broth and 50 µl was plated in duplicate 
using a spiral plater (Eddy Jet, IUL Instruments). Plates were incubated at 30°C and 
enumerated after 4-6 days. Results were expressed as reduction in log10 cfu/ml by 
taking the difference in log10 cfu/ml at t0 and t25 (20°C) or t90 (30°C). Experiments 
were performed in independent triplicates.

The effect of growth history on acid resistance of L. monocytogenes

A single colony was used to inoculate 10 ml BHI broth (Oxoid, Basingstoke, England). 
After ON growth at 30°C with shaking at 200 rpm, 0.5% (v/v) inoculum was added 
into fresh BHI broth. Cells were grown with shaking in either BHI at 20°C, BHI 
set to pH 5.0 by 10 M HCl at 20°C and 30°C or in BHI-Mn-Glu at 20°C and 30°C 
until stationary phase. Stationary phase was defined as 3-6 hours after reaching Nmax 
(~9.5 log10 cfu/ml, OD600 ~2.0). Acid inactivation experiments were performed as 
described above but using BHI set at pH 2.5 by 10 M HCl at 37°C. Samples were 
taken at t=0 min and t=x min, where tx was chosen for each growth condition aiming 
for a 3-5 log10 reduction for the WT. Serial dilutions were made in BHI broth and 
50 µl was plated in duplicate using a spiral plater. Plates were incubated at 30°C 
and enumerated after 4-6 days. Results were expressed as reduction in log10 cfu/ml 
by taking the difference in log10 cfu/ml at t0 and tx. Experiments were performed in 
independent triplicates.
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Statistical analysis

Differences between WT and variants were evaluated by a Student t-test using 
Microsoft Excel. Differences were considered significantly different when p<0.05. 

Results and discussion

Heterogeneity exists within L. monocytogenes populations and different 
environmental conditions can drive selection for different types of stress 
resistant variants which subsequently can grow and survive under a wide range 
of environmental conditions [21-23]. In this study, we aimed to evaluate L. 
monocytogenes variants biofilm formation and survival, with and without added 
BAC in mixed species biofilms with L. plantarum. Behaviour of the different variants 
in biofilms was compared to behaviour in liquid cultures in order to get more insight 
in parameters that affect behaviour of the different variants in a biofilm lifecycle. 

Performance of L. monocytogenes WT and variants in mixed biofilms with L. 
plantarum

The set of L. monocytogenes variants used in this study were highly acid resistant 
compared to the WT, both in late-exponential and stationary phase [10]. It was 
therefore hypothesized that this set of variants might also survive better in acidic 
environments, like the combination of low pH and high lactic acid concentrations 
encountered in mixed cultures and biofilms with L. plantarum in BHI-Mn-Glu [7]. 
Firstly, single species biofilm formation of L. monocytogenes WT and variants was 
determined in BHI-Mn-Glu at 20°C and 30°C. All the variants were capable of forming 
dense single species biofilms at both temperatures in 24h. There was no significant 
difference between WT and variants with respect to single biofilm formation and cell 
counts of 8.8 ± 0.3 and 9.2 ± 0.3 were determined at 20°C and 30°C respectively 
(data not shown). When L. monocytogenes and L. plantarum WCFS1 were cultured 
together in BHI-Mn-Glu, acidification was accelerated and the pH dropped to ~3.7 
after 48h at 20°C (Figure 4.1) and after 24h at 30°C (Figure 4.2). In Figure 4.1 it can 
be seen that after 12h at 20°C the pH is 5.3 and that the WT and all the variants have 
formed a biofilm with L. plantarum. After 24h at 20°C, the L. plantarum numbers 
were increased to more than 9 log10 cfu/well, with a concomitant pH drop to pH 4.1.

Despite a pH below the growth boundary in planktonic conditions [10], the L. 
monocytogenes numbers were still comparable to the numbers at 12h for the WT 
and all variants. However, after 36h, at pH 3.8, the WT and variant 3 counts in the 
biofilm significantly reduced to ~5 log10 cfu/well, while all the other variants were 
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still present in high numbers (~7 log10 cfu/well) comparable to 12 and 24h. After 
48h, the pH was further reduced to 3.7 and a reduction in cell counts was noted 
for all L. monocytogenes variants. However, at this time point, variants 7, 12 
and 13 showed  significant higher culturable cell numbers than the WT and the 
other variants. At 30°C a similar trend was observed, but since the acidification 
was faster, the reduction in L. monocytogenes counts was also faster (Figure 4.2). 
After 12 h, the pH was already 3.9, but the L. monocytogenes counts were still 
around 7 log10 cfu/well. After 18h, there is only ~2 log10 cfu/well left for the WT and 
variant 3, whereas all the other variants still showed numbers around 6 log10 cfu/
well, clearly indicating that these variants again show increased acid resistance in 
mixed species biofilms. 

After 24h, the counts for the WT, variant 3, 7 and 9 have dropped below the 
detection limit (2 log10 cfu/well) while the other variants were still detectable. 
Interestingly, the supernatant counts were below the detection limit (1.6 log10 cfu/
ml) for all the variants at this time point, while the biofilm counts were still in the 
range of 2-4 log10 cfu/well. It was previously shown that even though the variants 
are more resistant to severe pH stress, they do not show better growth at mild pH 
stress (pH 5.0) or a lower pH growth boundary [10]. 

It can therefore be concluded that the higher numbers after 24h at 20°C and 12h 
at 30°C are most likely not due to a lower growth boundary or better growth at 
low pH of the variants but to higher culturability after acid exposure. These data 
indicate that temperature plays a role in the performance of the different variants 
in biofilms. From these data it is not clear if the temperature has a direct effect on 
culturability of L. monocytogenes after acid stress exposure or if the differences 
in survival are related to the slower acidification rate of L. plantarum at lower 
temperature. Where at 20°C only variants 7, 12 and 13 had an advantage over 
the WT in the mixed biofilm, at 30°C this was the case for variants 12, 13, 14, 15 
and 23. It can therefore be concluded that the survival advantage of the variants 
is dependent on the environmental conditions. It can also be speculated that L. 
monocytogenes enters a viable but not culturable (VNBC) state, as it has been 
shown previously that L .monocytogenes can use this survival strategy under 
adverse environmental conditions [24-26]. L. monocytogenes VBNC cells have 
also been reported in biofilms for strain NCTC13372 at temperatures ranging from 
4°C to 37°C [27]. However, in most studies on VBNC state of L. monocytogenes 
prolonged exposure to mild stress up to several days or weeks or starvation 
conditions (like biofilm formation in tap water) were used. Whether conditions 
in mixed species biofilms containing L. plantarum as secondary species  induce 
VBNC state in L. monocytogenes remains to be elucidated.
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Figure 4.2: Mixed biofilms of L. monocytogenes LO28 WT and acid resistant variants (grey) and L. 
plantarum WCFS1 (white) in BHI-Mn-Glu at 30°C after (A) 12h, (B) 18h and (C) 24h. Bars represent 
the biofilm counts and diamonds represent the supernatant counts. Significant differences in L. 
monocytogenes biofilm formation of the variants compared to the WT are indicated by *. Dashed bars 
indicate biofilm values below the detection limit (2 log10 cfu/ml) and dashes indicate values below the 
detection limit in supernatant counts (1.6 log10 cfu/ml).
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Resistance to BAC of L. monocytogenes WT and variants in mixed biofilms 
with L. plantarum

It was previously shown that planktonic late-exponential phase cells of variants 
13, 14, 15 and 23 showed increased resistance towards BAC [23]. Therefore, the 
resistance of L. monocytogenes to BAC in the mixed biofilms was also evaluated 
and compared to that of resuspended biofilm cells and the biofilm supernatant cells. 
Cells from mixed species biofilms of 24h at 20°C (Figure 4.3A-C) and 12 h at 30°C 
(Figure 4.3D-F) were evaluated for BAC resistance, since the L. monocytogenes 
counts for the WT and all variants were comparable at these time points (Figure 
4.1 and Figure 4.2). At both temperatures, the pH of the biofilms was around pH 4, 
indicating that the cells were already stressed. In general, the resistance of the intact 
biofilms was significantly higher than the resistance of the resuspended biofilm cells, 
which was higher than the resistance of the supernatant cells, indicated by the higher 
BAC concentration needed to get a reduction in cell numbers (Figure 4.3). This is 
in line with previous studies and most likely related to the protective effect of the 
biofilm matrix, preventing BAC to penetrate into the deeper layers of the biofilm 
[1, 20, 28]. As can be seen in Figure 4.3, there was no obvious difference in BAC 
resistance between the WT and variants neither in biofilms, in resuspended biofilm 
cells or in supernatant cells.

In contrast to the previously observed  BAC resistance of the late-exponential phase 
liquid culture cells of the variants compared to WT [23], this phenomenon was not 
observed in mixed biofilms with L. plantarum. One possible explanation for the 
different pattern of BAC resistance in biofilms compared to late-exponential phase 
planktonic cells might be the growth phase of the cells. The physiological state of cells 
embedded in a biofilm is different from planktonic exponential phase cells and this 
was shown to affect susceptibility to QACs [1, 13, 20]. It could be that this growth phase 
effect is stronger than the intrinsic BAC resistance of the variants. Another reason 
might be the effect of L. plantarum. Several authors have highlighted the importance 
of bacterial interactions within mixed-species biofilms of L. monocytogenes, not 
only with L. plantarum but also with Pseudomonas species for example [14, 29]. The 
combination of species together with environmental factors has a large impact on 
the resistance of the cells within or detached from the biofilm when exposed to QAC 
and other disinfectants [7, 14]. Belessi et al. [28] found no difference in QAC survival 
between acid adapted and non-adapted L. monocytogenes cells, suggesting that acid 
adaptation is not a factor in BAC resistance of the biofilm cells or supernatant cells. It 
should be noted that, although BAC resistance of the variants is similar to WT, some 
variants have a higher probability of being present in significant numbers in biofilms 
with L. plantarum (Figure 4.1 and Figure 4.2) and therefore need more stringent 
disinfection.
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The effect of temperature and growth history on acid survival of 
L. monocytogenes variants

To evaluate whether the increased survival of some variants in mixed species biofilms 
with L. plantarum can be attributed to acid resistance of the variants, the survival in 
biofilms was compared to the (lactic) acid shock survival at 20°C and 30°C. In Figure 
4.4A and B it can be seen that at both temperatures, all the variants, except for variant 
3, showed increased resistance towards BHI set at pH 2.5 by HCl. The trend between 
20°C and 30°C was comparable. The low pH that L. monocytogenes encounters in 
the mixed species biofilms with L. plantarum is due to high concentration of lactic 
acid produced by glucose fermentation [30]. Therefore, the lactic acid resistance of 
cells grown at both temperatures was evaluated as well at low pH. In Figure S4.1 
(supplementary data) it can be seen that most acid resistant variants also show 
increased resistance to low pH in the presence of lactic acid. When the acid resistance 
data of Figure 4.4A and B and S4.1 is compared to the survival in biofilms (Figure 
4.1 and Figure 4.2) it can be concluded that survival in low pH biofilms cannot solely 
be predicted based on the acid resistance of a variant at a certain temperature. This 
raised the question if acid adaptation plays a role in the survival of the different 
variants in biofilms with L. plantarum. The gradual acidification of the environment 
by L. plantarum in the biofilms, which is temperature dependent, may allow for 
acid adaptation of L. monocytogenes. In several planktonic systems, the effect of 
acid adaptation on subsequent stress resistance has been studied extensively. 
Exponential-phase cells can induce an acid tolerance response (ATR) when shortly 
exposed to mild pH stress before lethal pH exposure. The ATR involves de novo 
protein synthesis and provides a protective effect towards lethal acid exposure [31, 
32]. In general, at similar pH values HCl is less effective in inducing an ATR than 
lactic acid or acetic acid [31]. The WT and all variants were capable of inducing an 
ATR when grown until late-exponential phase at 30°C, followed by 30 min exposure 
to pH 5.0 set with HCl before lethal acid exposure of pH 2.5 set with HCl (data not 
shown). Also stationary phase cells can acquire a level of protection to lethal pH 
stress by mild acid adaptation. L. monocytogenes grown under mild pH stress until 
stationary phase displays a higher level of acid resistance than cells grown under 
optimal pH [33, 34]. Also the medium and nutrient availability can affect subsequent 
stress resistance [35]. Figure 4.4 shows the effect of growth in different media on 
subsequent acid shock survival of planktonic L. monocytogenes WT and variants.

When grown in BHI set to pH 5.0 by HCl at 30°C (Figure 4.4D) until stationary 
phase, especially variants 12 and 13 were more resistant than the WT. This might 
direct to a better acid adaptation behaviour of these three variants compared to 
the others. In BHI-Mn-Glu, the mild acid stress was also encountered, but the 
pH in the growth medium is gradually reduced to around pH 5.0 by lactic acid 
production, allowing the microorganisms to slowly adapt to the mild pH stress.
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The overall pattern between cells grown in BHI at pH 5.0 and in BHI-Mn-Glu is 
very similar at 30°C. However, when the WT and variants were grown at pH 5.0 
and in BHI-Mn-Glu at 20°C, there is a clear difference between the two media. All 
the variants were more sensitive to pH 2.5 when grown in BHI-Mn-Glu than when 
grown at pH 5.0 at 20°C. Interestingly, none of the variants, except for variant 13, 
showed significantly higher culturability after acid shock than the WT when grown 
in BHI-Mn-Glu at 20°C. Also when grown in pH 5.0 at 20°C only variant 9, 12 and 13 
were significantly more acid resistant than the WT. At both temperatures, variants 
12 and 13 showed higher culturability than the WT. These variants showed a similar 
acid resistance to the other highly resistant variants when grown in BHI at 30°C 
(both towards HCl and lactic acid), but when grown in either BHI-Mn-Glu or BHI 
set to pH 5.0, these two variants have an advantage over the other variants with 
respect to acid resistance. Interestingly, this advantage is also reflected in the higher 
culturability of these two variants in the biofilms. 

Population heterogeneity in biofilms and the potential role in persistence

From the combination of the data from planktonic cells and that in mixed biofilms, 
it appears that especially variants 12 and 13 more efficiently adapt to mild acid 
stress than the other variants and that this protects them against acid shock due 
to the low pH in the mixed biofilm with L. plantarum. The other variants showed 
highly increased acid resistance when precultured under optimal conditions but 
this might be at the cost of their adaptation behaviour, resulting in comparable 
acid shock resistance as the WT when grown under mild stress conditions. These 
data underline the importance of diversity for the L. monocytogenes population. 
Whereas some variants (14, 15 and 23) are well suited to deal with rapid changes in 
the environment, other variants (12 and 13) seem to be better capable of adaptive 
behaviour. Especially the combination of all these different variants within the L. 
monocytogenes population should be considered when studying its behaviour 
and biofilm formation since in food processing environments a diverse mix of L. 
monocytogenes populations and strains may be present [36]. The increased survival 
capacities of the tested variants in this study, combined with their ability to form 
biofilms, may allow for persistence in food production lines. The acid resistant 
variants used in this study were isolated from short single acid exposure (90 min 
pH 3.5) but prolonged acid exposure has also been shown to lead to the isolation 
of acid resistant variants [31]. These variants seem to be phenotypically different 
from the ones used in our study, underlining the great diversity within the L. 
monocytogenes population. Notably, high hydrostatic pressure (HHP) resistant 
variants described by Van Boeijen et al. [21] also showed to be highly resistant to 
multiple types of stress, but many of the variants were not capable of forming dense 
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biofilms. These variants might therefore have less potential of persistence in biofilms 
than the currently described acid resistant variants. Furthermore, acid adapted acid 
resistant variants might have a higher chance on stomach survival when they get 
detached from the biofilm and end up in food products. Overall, it can be concluded 
that heterogeneity in the L. monocytogenes population allows it to cope with several 
adverse conditions, not only when grown under optimal condition in planktonic 
state but also under less favorable culturing conditions and in biofilm growth mode. 
The higher stress resistance and adaptive behavior of some variants are potential 
risk factors in persistence. 
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Figure S4.1: Reduction of stationary-phase cells of L. monocytogenes LO28 WT and acid resistant 
variants after exposure to BHI set at pH 3.4 by 85% lactic acid syrup at 30°C. Cells were grown to 
stationary phase in BHI at 20°C (A) or 30°C (B). Resistance is expressed as the reduction in viable counts 
after 25 min (A) and 90 min (B) of lactic acid exposure. Values are the average of 3 independent replicates. 
Error bars represent the standard deviation of the mean and statistically significant differences from the 
WT (p<0.05) are indicated by *.
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Abstract 

Listeria monocytogenes exhibits a heterogeneous response upon stress exposure 
which can be partially attributed to the presence of stable stress resistant variants. 
A heterogeneous population allows for growth and survival under a wide range 
of environmental conditions with specific growth fitness and stress robustness 
parameters considered a trade-off. A variant may have an advantage in one condition, 
while this might be a disadvantage in other conditions. This study aims to evaluate 
the impact of the presence of stress resistant variants and their corresponding trade-
offs on population composition under different environmental conditions. A set of 
robustness and fitness parameters of WT and variants was obtained and used to 
model their growth behaviour under combined mild stress conditions and to model 
their kinetics in a simulated food chain. Predictions of performance were validated in 
single and mixed cultures by plate counts and by qPCR by which L. monocytogenes 
WT and an rpsU deletion variant could be distinguished with specific primers. Growth 
predictions for the WT and the rpsU deletion variant matced the experimental data 
generally well. Validation of performance in the simulated food chain confirmed 
the trend of higher fitness and lower robustness for the WT compared to the rpsU 
variant. This study provides insights into the conditions which can select for stress 
resistant variants in industrial settings and discusses their potential persistence in 
food processing environments.  
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Introduction

Diversity exists within bacterial populations which can for example be observed 
by tailing of inactivation curves upon stress exposure. This tail can be caused by 
either phenotypic or genotypic heterogeneity. Phenotypic heterogeneity refers 
to transiently increased resistance with a physiological or epigenetic background. 
Reasons for phenotypic heterogeneity can be amongst others the presence of 
persisters [1], bistability caused by noise in stochastic gene expression [2-4] or 
epigenetic phenotype switching [5]. Genotypic heterogeneity refers to the presence 
of stable stress resistant variants, with an inheritable stress resistant phenotype 
caused by genomic alterations [6]. These stable stress resistant variants have been 
repeatedly isolated from the foodborne pathogen Listeria monocytogenes upon 
exposure to different types of stress, e.g. heat, high hydrostatic pressure (HHP) 
and low pH [7-11]. L. monocytogenes stress resistant variants have been shown to 
comprise a wide range of phenotypic features that are different from the main WT 
population. Apart from resistance towards the selection stress, numerous variants 
showed a multiple stress resistant phenotype [12, 13]. It was shown that different 
types of stress lead to selection for different types of variants. Although many 
phenotypic features are overlapping, the genetic basis for the increased resistance 
was shown to be partially selection-stress dependent [12]. A large fraction of the heat 
and HHP selected variants had a mutation in the class III heat shock repressor gene 
ctsR [11, 13], while this mutation was not found in the acid stress selected variants. In 
the acid stress selected variants a mutation in rpsU, encoding ribosomal protein S21, 
appeared to be responsible for the stress resistant phenotype in a large fraction of 
these variants [12]. An interesting observation in all these variants is that increased 
stress resistance seems to be at the cost of another feature. The growth rate for many 
of the variants was lower than for the WT, although in some cases it was only impaired 
under specific conditions. Generally, the most resistant variants showed a significant 
growth defect and a clear correlation between acid resistance and growth rate was 
established [9]. The increased stress resistance of the variants can be considered a 
trade-off; a variant may have an advantage under a certain condition, while having a 
disadvantage under another condition. The concept of stress resistance as a trade-off 
for growth has been well described in literature [14-16]. Specialization on survival 
often comes at the cost of slower multiplication. The underlying mechanism can be 
found in resource allocation; energy expenditure has to be divided over vegetative 
growth and general stress response [14]. This resource allocation is affected by the 
environmental conditions, but also mutations have been shown to cause a shift in the 
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distribution of resources between reproduction and maintenance [15]. The ctsR and 
rpsU mutations in the stress resistant L. monocytogenes variants seem to result in 
a shift away from rapid reproduction and towards increased stress response. During 
food processing and storage, bacterial cells encounter different environments which 
can affect the behavior of the cells. Heat resistance has been shown to be affected 
by environmental conditions like growth temperature, medium composition and 
growth stage [17]. Growth at mild pH stress can induce increased resistance towards 
lethal acid stress but also towards other stress responses like thermal stress [18]. 
It was also shown that the different variants have a different degree of mild stress 
adaptive behavior, affecting their stress resistance [19]. The differences in behavior 
and resource allocation between WT and variants might have consequences for 
their growth and survival under processing conditions. Information on whether 
these stress resistant variants are a potential threat for food industry or if the 
disadvantages, combined with their low prevalence in the population, counterbalance 
the increased resistance is currently lacking. It would be of relevance to evaluate 
the impact of the presence of stress resistance variants and their corresponding 
trade-offs on population composition. Therefore, this study aimed to quantify the 
growth and inactivation kinetics of L. monocytogenes acid resistant variants and 
WT under different environmental conditions and to use obtained quantitative data 
to predict the behavior along a simulated model food chain. It was hypothesized that 
the WT has an advantage during growth but that the variants have an advantage 
during inactivation steps. A modelling approach was used to predict the behavior of 
WT and variants under different combinations of mild and severe stress conditions, 
and the genetic background of one rpsU variant was used to validate predictions in 
mixtures in which WT and an rpsU deletion variant were distinguished by specific 
primers. This study highlights the potential impact of the environmental conditions 
on population dynamics of L. monocytogenes WT and its acid resistant rpsU variant 
in sequential niches. 

Materials and Methods

Bacterial strains and culturing conditions

Listeria monocytogenes LO28 wild type (Wageningen UR Food & Biobased Research, 
the Netherlands) and eight acid resistant variants isolated from the tail of this WT 
after acid exposure [9] were used in this study. The selected variants were 3, 7, 9, 12, 
13, 14, 15 & 23, based on their genotypic and phenotypic characteristics representing 
different clusters [12, 19]. The stock cultures were kept in 15% (v/v) glycerol (Fluka) 
at -80°C, and before the experiments cells from stock were grown for 2 days at 30°C 
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on brain heart infusion (BHI; BD) agar plates. A single colony was used to inoculate 
20 ml BHI broth (Oxoid) in an Erlenmeyer flask. After overnight (ON) growth (18-22 
h) at 30°C (Innova 4335; New Brunswick Scientific, Edison, NJ) with shaking at 160 
rpm, 0.5% (v/v) inoculum was added to fresh BHI broth. Cells were grown in BHI 
at 30°C until late-exponential growth phase (OD600 = 0.4-0.5 reached after 4-5 h) or 
stationary phase (18-22 h of growth, OD600 ~2.0). Bacteria were spiral plated (Eddy 
Jet, IUL Instruments) or spread plated on BHI agar. For inactivation experiments, 
plates were incubated for 4-6 days at 30°C to allow recovery of the cells. For all other 
experiments, plates were incubated for 2 days at 30°C.

Determination of the maximum specific growth rate

The maximum specific growth rate (µmax) was determined under various mild stress 
conditions, namely at different pH conditions, water activities (aw) and temperatures 
(T). BHI broth (Oxoid; aw 0.997; pH 7.3) was used as a plain medium for all growth 
experiments with 30°C as the reference temperature. The effect of mild pH was 
determined by adjusting the pH of sterile BHI by 10M HCl to pH 6.0, 5.0 and 4.7, 
followed by filter sterilization (0.22µm filter). The water activity was lowered by 
adding NaCl (Merck) to BHI broth, resulting in aw values of 0.971, 0.957, 0.946 and 
0.940. Values for µmax at 7°C and 37°C were available from our previous study [9] 
and were extended in the current study at 20°C and 30°C to determine the effect 
of temperature on µmax. The µmax for the WT and each variant was determined by 
the 2-fold dilution (2FD) method as described by Biesta-Peters et al. [20]. Briefly, 
ON cultures were used for this experiment and diluted in BHI broth to an initial 
concentration of ~5 · 105 cfu/ml which was confirmed by plating on BHI agar 
plates. From this culture, five sequential 2-fold dilutions in BHI broth were made 
in duplicate in a 100 well honeycomb plate and the final volume in each well was 
200 µl. The plate was incubated in the Bioscreen C (Oy Growth Curves AB Ltd). The 
Bioscreen C was set at the appropriate temperature with medium constant shaking 
and the OD600 was measured every 10 or 30 min depending on the conditions. This 
was done up to 2 weeks, or until all wells reached an OD600 of at least 0.2 (time to 
detection (TTD)). The µmax was determined for the WT and each variant for each 
condition by taking the negative reciprocal of the slope between TTD and ln(N0). 
For more stressful conditions in which an OD600 of 0.2 was barely reached, a TTD 
of 0.12 was used since 0.12 was in the linear part of the OD600 growth curve for all 
conditions and variants. Wells not showing an increase in OD600 during the time of 
the experiments were plated on BHI plates to confirm no growth. Experiments were 
repeated on different days using fresh cultures to obtain biologically independent 
duplicates or triplicates.



98  |  Chapter 5 Modeling and validation of ecological behaviour   | 99

5

Estimating cardinal growth parameters

Secondary growth models to estimate cardinal growth parameters were chosen 
based on the selection described by Aryani et al. [21]. The square root model [22] 
was used to describe the µmax as a function of temperature (T):

(1)( ) = −max minµ b T T

In which b is the slope parameter and Tmin (°C) is the temperature at which no 
growth is observed anymore. The µmax as a function of pH was described by the 
reparameterized model of Aryani et al. [21]:

( )
( )1/2 1 2

−
−

 
 = −
  

min

min

pH pH
pH pH

max optµ µ (2)

In which µopt (h-1) is the µmax at optimum pH, pHmin is the pH at which no growth is 
observed anymore and pH1/2 is the pH at which the µmax is half of the µopt. The µmax as 
a function of aw was described by the model of Luong et al. [23]:
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In which µopt (h-1) is the µmax at optimum aw, aw, min is the aw at which no growth 
is observed anymore and d is the shape parameter. The models were fitted to all 
independent replicate µmax data together using TableCurve 2D v5.01. For the aw 
model, a lack-of-fit test [24] was performed, in case 1 was in the confidence interval 
of d, in order to get a more simple, linear model. The lack-of-fit test evaluates if the 
shape parameter can be removed by comparing the residual sum of squares (RSS) of 
the full model (with d) to the RSS of the reduced model (without d). 

Growth modeling

Cardinal growth parameters obtained were used as input in the gamma model [25] 
to predict the growth of the WT and variants under combined mild stress conditions. 
The gamma model without inclusion of an interaction factor was used and therefore 
only a multiplicative effect of the combined mild stress conditions was assumed [26]. 
Predictions of µmax were made by:

( ) ( ) ( ) ⋅= ⋅ ⋅max ref wT pH aµ µ γ γ γ (4)

In which µref (h-1) is the average of the estimated µmax in BHI at 30°C, pH 7.3 and aw 
0.997 according to equation 1-3 and γ(T), γ(pH) and γ(aw)  are the gamma factors for 
each individual condition (x), which is determined by:
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( ) ( )
= max
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γ
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In which µmax (x) is calculated by equations 6-8 [21]:

( )

( )
( )

( )

1/2

1/2( )

1 2

1 2

−
−

−

−

 
 −
 
 =
 
 −
 
 

min

min

ref min

min

pH pH
pH pH

ref pH pH

pH pH

max pHµ µ

( ) ( )
( )

2

2

−
=

−
min

max ref

ref min

T T
T

T T
µ µ (6)

(7)

( )
 

 

 

11
1

1
1

1

  − −   −  =
 − 
 −   −  

d

w

w min

max w ref d
w ref

w min

a
a

a
a
a

µ µ (8)

The µmax values for combined stress conditions resulting from equation 4 were used 
as input into the widely used three-phase linear model [27] to predict the growth of 
the WT and variants under the defined conditions. The lag time (λ) was assumed to 
be reciprocally proportional to µmax [24, 28]. The product µmax · λ generally ranges 
between 0 and 4 [24] and therefore these values were considered to predict the 
growth intervals. Average Nmax was set at 9.5 log10 cfu/ml, based on counts of fully 
grown (ON) cultures. For the growth intervals, a range from 9.25 to 9.75 log10 cfu/
ml was assumed.

Heat inactivation

Heat inactivation experiments were performed for the WT and rpsU variant 14 as 
described in [12]. This variant was chosen as a representative rpsU variant, based on 
the genetic background that allowed for validation as described below. Briefly, 400 
µl late-exponential or stationary phase culture was transferred into 40 ml preheated 
BHI broth in a 250 ml Erlenmeyer flask, in a shaking (160 rpm) water bath (Julabo 
SW 23, Julabo) at 55, 60 or 62°C. At appropriate time intervals, a 1 ml sample was 
taken and decimally diluted in PPS, or transferred into a sterile cup which was 
placed on ice in case the undiluted sample was to be plated. A separate Erlenmeyer 
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containing BHI broth at room temperature was used for the t=0 measurement. 50 
µl of appropriate dilutions were spiral plated in duplicate on BHI agar or, in case of 
the undiluted samples, 1 ml was spread plated (divided over 3 plates) resulting in 
a detection limit of 1 cfu/ml. Subsequently, the resulting inactivation curves were 
described with any of the following models to determine the D-value. In the case of 
non-linear inactivation and the presence of a shoulder and tail, the reparameterized 
model of Geeraerd et al. [9, 29] (equation 9) was fitted to the data:

(9)
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In which Nt is the number of cells at time t (in min), N0 is the number of cells at t=0, 
ksens and kres are the specific inactivation rates of the sensitive population and the 
resistant fraction, respectively (min-1). Sl is the shoulder length (in min) and f is the 
stress resistant fraction. 

When the shoulder length (Sl) was not significant, equation 10 was fitted to the data:

( ) ( ) ( )( ) ( ) ( ) ( )( )10 10log log
10 10 0 10log log log 1 10 exp 1 0  exp= + − ⋅ − ⋅ + ⋅ − ⋅f f

t sens resN N k t k t

( ) ( ) ( )( ) ( ) ( ) ( )( )10 10log log
10 10 0 10log log log 1 10 exp 1 0  exp= + − ⋅ − ⋅ + ⋅ − ⋅f f

t sens resN N k t k t
(10)

When also the tail was not significant, the model was further reduced to a linear 
inactivation model:

( ) ( ) ( )10 10 0log log exp= + − ⋅tN N k t (11)

The D-value of the sensitive and resistant fractions for equation 9-11 was calculated 
by equation 12:

( )ln 10
 =D

k
(12)

In the case that no tailing was present, a linear model with shoulder and the 
reparameterized Weibull model (equation 13) [9] was fitted to the data. The 
Weibull model was preferred as this model also considers the shoulder in D-value 
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determination, whereas the linear model with shoulder does not. 

( ) ( )10 10 0log log  
∆

 
= − ∆ ⋅ 

 
t

D

tN N
t

β

(13)

in which Δ is the number of decimal reductions; tΔD, the time needed to reduce the 
initial number of microorganism with Δ decimals (min); and β, a fitting parameter 
that defines the shape of the curve. Δ was set at 5, since the measured data covered 
a range of at least 5 log10 reductions, and the other parameters were estimated. All 
models were fitted to the data using TableCurve 2D v5.01. An F-test was performed 
to test if the fitting performance of the model was statistically accepted. The f value 
was calculated using the following equation [30]:

= model

data

MSEf
MSE (14)

In which MSEmodel is the mean square error of the model and MSEdata is the mean 
square error of the data for replicate values. The resulting f value was tested against 
a critical F table value with a 95% confidence level. For the inactivation curves 
showing tailing and therefore described by equation 9 or 10, the reparameterized 
Weibull model (Equation 13) was also fitted to the data without taking the tail into 
consideration in order to be able to compare the WT and variant 14 at different 
temperatures and growth phases. The D-values were calculated by dividing the t5D 
by 5. From these D-values, the z-value was calculated for WT and variant 14 in late-
exponential and stationary phase.

Acid inactivation

Acid inactivation experiments were performed as described in [9] for late-
exponential and stationary phase cultures. Briefly, 10 ml (stationary phase) or 50 
ml (late-exponential phase cultures were centrifuged, resuspended in 1 ml PPS and 
this cell suspension was added to 9 ml BHI set to pH 2.5 by 10 M HCl, prewarmed 
at 37°C. The tube was placed in a shaking waterbath (160 rpm) at 37°C and samples 
were taken at appropriate time intervals, directly diluted in BHI broth and spiral 
plated on BHI agar. Inactivation kinetics were described as was done for the heat 
inactivation data described above by Equations 9-12. 

DNA extraction and RT-PCR quantification

DNA of the WT and variant 14, or mixtures of them was extracted from cell cultures 
by the Qiagen DNeasy Blood & Tissue Kit, using the pre-treatment protocol for Gram-
positive bacteria with some modifications. Lysozyme and proteinase K incubations 
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were done for 60 min and washing steps were repeated twice. Elution was done in 
50 µl 10mM Tris-HCl pH 8.3 and the eluate was diluted 10 times in nuclease-free 
water. DNA was stored at 4°C for up to 5 days until PCR quantification. Primers 
were designed in the rpsU region to specifically amplify only the WT or only the 
variant DNA. The WT specific primers (fw: 5’-CGCGCTTTCTGGATTCTTGC-3’ rv: 
5’-ACGAATCGCTTGAAGATGCTC-3’) were designed within the rpsU gene, since 
variant 14 is lacking this gene completely. For variant 14 specific primers (fw: 
5’-CGATGCCCGATGATTAAAA-3’ rv 5’-GCGTCAACTGCCATAACAAC-3’) were 
designed in such a way that the fw primer was bridging the 1300bp deletion of this 
variant and therefore this primer could only bind to variant 14 [12]. The primers were 
validated and confirmed to be specific. Quantification was done using a qPCR machine 
(Bio-Rad CFX96), at an annealing temperature of 60°C using Power SYBRgreen 
mastermix (Applied Biosystems). Ct values were determined with automatic baseline 
settings. Standard curves were obtained from a series of decimally diluted DNA to 
determine PCR efficiency of the primers, and from DNA extractions from a series of 
decimally diluted ON cultures. The highest concentration was plated and a standard 
curve, correlating log10 cfu/ml to ct values was obtained in this way. This standard 
curve was used to quantify the number of viable cells in mixtures of WT and variant 
14. The dynamic range of quantification was determined to be ~4.5-9.5 log10 cfu/ml. 

Growth validations

Growth predictions were validated for the WT and variant 14 in BHI for 3 conditions: 
7°C, pH 6.6, aw 0.997 mimicking milk (BHI-M), 7°C, pH 6.0, aw 0.965 mimicking 
ham (BHI-H) and 37°C, pH 5.2, aw 0.997 providing conditions with similar expected 
growth for WT and variant 14 (BHI-S). Milk and ham conditions were taken from 
Aryani et al. [21]. BHI was prepared and the aw was set by adding NaCl before 
autoclaving. The pH was set after autoclaving and the medium was filter sterilized 
using a 0.22 µm filter. Validations were done in Erlenmeyer flasks in a shaking 
incubator (200 rpm) set at the correct temperature. ON cultures (cultured in BHI at 
30°C) were diluted in the corresponding medium and inoculated in the Erlenmeyer 
flasks with a starting concentration of ~4 log10 cfu/ml as this was just below the 
detection limit of the PCR quantification method. This was done for the WT and 
variant 14 in single cultures and for WT and variant 14 mixed in equal amounts. For 
BHI-M and BHI-H, samples were taken once per day and for BHI-S this was done 
every 2 hours. Samples were decimally diluted in PPS and appropriate dilutions were 
plated on BHI agar. For the mixed cultures, an additional 1 ml sample was taken at 
each time point, centrifuged for 10 min at 5000 x g and the pellet was frozen at -20°C 
until DNA extraction and PCR quantification of WT and variant 14 as described 
above. Validations were done in independent duplicates. Model performance was 
evaluated by determining the accuracy factors (Af) and bias factors (Bf) as introduced 
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by Ross et al. [31]. Although originally developed to assess the performance of models 
predicting generation times, in this study we used Af and Bf to evaluate predicted 
counts against observed counts as done previously [32-34]:

|log(log( ) /log( ) )|/10∑= t predicted t observedN N n
fA (15)

log(log( ) /log( ) )/10∑= t predicted t observedN N n
fB (16)

Bias factors >1 are caused by predicted values higher than the observed values and 
bias factors <1 are caused by predicted values lower than the observed values [31]. 
In the case of evaluating predicted log10(Nt) against measured log10(Nt), bias factors 
<1 give a fail-dangerous prediction. Af and Bf were calculated on the average growth 
prediction (µmax · λ = 2 and Nmax = 9.5).

Chain analysis

Behavior of the WT and variant 14 was also evaluated in a chain of growth and 
inactivation conditions. The principle was to simulate a milk pasteurization chain, 
followed by cooled storage and low pH exposure, simulating stomach passage, 
adjusted in such a way that the complete chain could be validated under laboratory 
conditions, in single and mixed cultures, taking into account the detection limitations. 
The chain therefore consisted of the following steps: growth at 7°C for 4 days (step 
1), a heat inactivation step of 10 sec at 61°C (step 2), growth at 7°C for 3 days (step 
3), growth at 10°C for 4 days (step 4) and an acid inactivation step of 4 min at pH 
2.5 (step 5). Predictions for growth were made using the gamma model, based on 
the estimated cardinal growth parameters of WT and variant 14 in Table 5.1. Three 
scenarios were chosen, namely no lag time, a theoretical maximum lag time (µmax · λ = 
4) and an average lag time (µmax · λ = 2).  Predictions for inactivation were made using 
the D- and z-values and inactivation kinetics as described in Table 5.2. Only late-
exponential phase heat resistance was considered, since the predictions indicated 
all cells to be still in exponential phase at the moment of heat inactivation. For the 
acid inactivation step both late-exponential and stationary phase were included in 
the model prediction (Table 5.3). Growth steps (1, 3 and 4) were all performed in 
Erlenmeyer flasks containing 50 ml BHI-M in a shaking incubator (200 rpm), set 
at the correct temperature. Samples were taken once per day for plating and RT-
PCR quantification as described above. From step 3 on (after heat inactivation) the 
samples for DNA extraction were treated with Propidium monoazide (PMA) before 
freezing to prevent amplification of DNA of dead cells. PMA treatment was done as 
described by Pan et al. [35]. Briefly, 2.5 µl 20 mM PMA solution was added to 1 ml 
cell culture. This mixture was incubated in the dark at room temperature for 5 min. 
Subsequently, the tubes were exposed to light in a PMA-Lite LED Photolysis Device 
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(Biotium) for 15 min to cross-link the PMA to the DNA. The PMA treatment was 
repeated another time since it was shown that double PMA treatment gave optimal 
inhibition of the PCR amplification [35]. After the second PMA treatment the cells 
were centrifuged for 10 min at 5000 x g and the pellet was stored at -20 °C until DNA 
extraction. Heat inactivation was done as follows; the complete culture (50 ml) was 
centrifuged (5 min 2880 x g), resuspended in 1 ml BHI-M and centrifuged again (5 
min 2880 x g). The pellet was resuspended in 100 µl BHI-M and transferred into 
a 200 µl PCR tube. The heat inactivation was done in a PCR machine set at 61°C 
for 10 sec, after which the sample was cooled to 7°C. When the tubes reached 7°C 
the content was transferred to 50 ml BHI, precooled to 7°C, a sample was taken for 
plating and the flask was placed in a 7°C shaking incubator (step 3). Acid inactivation 
(step 5) was done as the acid inactivation experiments described above. Samples 
were taken after 2 min and 4 min exposure to pH 2.5 and corrected for volume. 
Validations were done in independent duplicates. The limitations for this method 
were that the counts could only be quantified within the dynamic range of the qPCR 
(~4.5-9.5 log10 cfu/ml) and the PMA treatment only allowed a maximum of 6 log10 
cfu/ml of dead cells to be present within at least 4 log10 cfu/ml of viable cells [35]. 
These limits were experimentally confirmed (data not shown). Model performance 
for each step and the overall chain was evaluated by determining the accuracy factors 
(Af) and bias factors (Bf) as described above.

Variant fractions within WT population

The heat and acid inactivation kinetics of the WT and variant 14 were used to 
calculate the theoretical fraction of rpsU variants within the WT population during 
stress exposure. This was done as described by van Boeijen et al. [11]. The fraction of 
rpsU variants was then calculated at each time point (t) using equation 17:

,
,

,

= t rpsU
t rpsU

t total

N
f

N (17)

The fraction (ft,rpsU) is equal to the probability to isolate an rpsU variant at this time 
point. Due to their phenotypic clustering [12], it was assumed that the 11 rpsU 
variants all show the same inactivation kinetics. The initial fraction of rpsU variants 
in the first step of the chain was assumed to be 5·10-7 [36]. 
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Results

Growth under mild stress conditions

Cardinal growth parameters were estimated based on the µmax values obtained at 
different temperatures, pH values and water activity values. The data and model 
fittings are shown in Figure 5.1 for the WT and variant 14 and for the other variants 
in Figure S5.1. From these figures and the parameter estimates in Table 5.1, it 
can be seen that the different variants showed distinct behavior under different 
environmental conditions. The rpsU variants (14, 15 and 23) showed a growth defect, 
which was more pronounced closer to the lower temperature growth limits, whereas 
the same variants have similar growth rates as the WT at the lower limits of growth 
for pH and aw at 30°C. Variant 9, 12 and 13 showed a lower µmax over the complete 
temperature range tested, with the most dramatic shift observed for variant 9. 
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Figure 5.1: Maximum specific growth rate (h-1) of WT (A, C and E) and acid resistant variant 14 (B, D 
and F) under different temperature (A, B), pH (C, D) and aw (E, F) conditions in BHI (reference condition: 
30°C, pH 7.3, aw 0.997). Cardinal growth parameters were estimated with the secondary growth models 
in equation 1-3 (--- WT, ─ variant 14). 
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However, also this variant, while growing extremely slow under optimal pH 
conditions, had a similar pHmin to the WT and an even lower minimal estimated 
aw, min than the WT. For all variants the shape parameter (d) in the aw model was not 
significant and could be excluded according to the lack-of-fit test. Variant 9 was the 
only variant for which the shape parameter could not be excluded since this would 
have led to an unrealistic aw, min estimate of ~0.88. It was experimentally confirmed 
that variant 9 was not able to grow at such low aw and therefore the d parameter 
was included, despite not being significant. Variant 3 showed similar behavior to the 
WT under all growth conditions tested. Variant 7 has a slight growth defect under 
optimal conditions compared to the WT, but became similar to the WT when the 
conditions were more stressful. 

Growth predictions and validations

The cardinal growth parameters were used to predict the growth of the WT and eight 
variants under combinations of mild stresses. From Figure S5.2 it can be seen that 
depending on the combination of environmental conditions, the variants performed 
differently. In the milk conditions (Figure S5.2A) the rpsU variants and variant 9 were 
the slowest growers, with the low temperature contributing mostly to the gamma 
factor. In the ham condition, the temperature is still the most growth limiting factor, 
however, the low aw reduced the growth rate even further in all cases. The gamma 
factor for pH (pH 6.0) had almost no influence on the predicted growth rate of the 
variants. Figure S5.2C shows that when grown at 37°C at pH 5.2 there is almost no 
difference in µmax between the variants and WT. This is due to the fact that the pH 
is the growth limiting factor, and at this pH of 5.2 there is no dramatic difference in 
predicted µmax between the WT and variants. The three growth scenarios displayed in 
Figure S5.2 were validated, both in single and in mixed cultures of WT and variant 14. 

As can be seen from Figure 5.2A, the counts in single and mixed cultures for the 
WT in BHI-M were well in accordance with the predictions in BHI-M, which was 
confirmed by a Bf of 1.02. Variant 14 however, showed to have a slightly higher µmax 

than predicted resulting in a relatively low Bf of 0.80 and an high Af of 1.25, indicating 
a systematic deviation from the prediction. Both variant and WT did not seem to 
have an obvious lag time. In mixed cultures of WT and variant, the WT PCR counts 
were similar to the total plate counts, indicating that the WT was the dominating 
population. Variant 14 followed the same growth as in single culture up to ~150 hours, 
after which growth was arrested. This growth inhibition coincides with the entry 
into stationary phase of the WT. In BHI-H both WT and variant counts matched the 
prediction well in single culture (Figure 5.2B) and Bf was 1.04 and 0.94 respectively. 
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Figure 5.2: Growth predictions and validations for L. monocytogenes LO28 WT (black, counts diamonds) 
and acid resistant variant 14 (grey, counts squares). Growth predictions according to the three-phase 
linear model were based on cardinal growth parameters as shown in Table 5.1 and the gamma model. 3 
scenarios were considered: milk (BHI-M, pH 6.6; aw 0.997; 7°C) (A), ham (BHI-B, pH 6.0; aw 0.965; 7°C) 
(B) and BHI at pH 5.2 at 37°C (BHI-S) (C). For each scenario two situations were considered, namely no 
lag phase (upper line) and a maximum lag phase of µ · λ = 4 (lower line). Validations were done by plate 
counts in single cultures (1) and mixed cultures (2). For the mixed cultures, total plate counts (circles) 
are displayed by the open symbols and individual contributions of WT and variant 14 in the mixture 
were deducted from ct values and the standard curves correlating ct values to log cfu/ml counts (closed 
symbols).

Interestingly, the growth of the WT matched the prediction with the maximum lag 
time, whereas the variant did not seem to have a lag time at all. Another interesting 
observation is that when mixed with the WT, variant 14 seemed to perform better 
than when being cultured alone, as indicated by higher counts in mixed cultures than 
in single culture. In BHI-S cultures, the predictions suggested the variant and WT to 
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grow at similar speed (Figure 5.2C). This was confirmed by the growth validations, 
both in single and mixed cultures, although both grew slower than predicted. Both 
WT and variant seemed to have a lag phase, most likely caused by the transition from 
pH 7.3 of the ON culture to pH 5.2 of the BHI-S. Bias factors of 1.11 for the WT and 
1.18 for the variant also indicated that both predictions are a slight overestimation.

Stress resistance

Heat resistance was evaluated in late-exponential and stationary phase for the WT 
and variant 14 at 55, 60 and 62 °C. As can be seen from Figure 5.3, the inactivation 
curvatures were different, depending on the temperature and growth phase tested. 
This resulted in different inactivation models giving the best fit, making comparison 
and especially the calculation of D- and z-values difficult. Because the major part of 
the reduction range is most important for the validation experiments, it was decided 
to also fit an inactivation model to the data without considering the tail. Either the 
5D-Weibull model (Eq. 13) or the linear inactivation model (Eq. 11) could be fitted 
to all the inactivation curves, allowing for D-value estimation based on the major 
part of the reduction range (Table 5.2). Corresponding z-values were 5.7 and 4.0 for 
WT and variant respectively in late-exponential phase and 4.4 and 5.7 for WT and 
variant respectively in stationary phase. 

Table 5.2: Inactivation parameter estimates D (min) and β upon heat exposure by fitting the  
reparametrized 5D-Weibull model to the data without taking the tail into consideration. For the Weibull 
model the values of D were obtained by dividing t5D by 5. The linear model was used when the shape 
parameter was not significantly different from 1, the F-test confirmed a statistically acceptable fit of the 
linear model and the lack-of-fit test confirmed that the shape parameter could be removed. In all other 
cases the Weibull model was used. NS indicates that the linear model was fitted and therefore an estimate 
for b was not applicable. The 95% confidence interval of the parameter estimates is indicated in brackets.

Late-exponential phase Stationary phase

55°C 60° C 62°C 55°C 60°C 62°C

WT D 1.92
[1.73; 2.15]

0.28
[0.24; 0.33]

0.11
[0.08; 0.17]

24.0
[21.4; 27.3]

1.17
[1.04; 1.33]

0.71
[0.63; 0.79]

β NS NS NS NS NS 1.59
[0.98; 2.21]

14 D 15.7 
[14.6; 16.9]

0.65
[0.63; 0.68]

0.32
[0.28; 0.39]

29.9
[28.8; 30.9]

2.70
[2.42; 3.05]

1.97
[1.92; 2.02]

β 2.06
[1.49; 2.63]

1.73
[1.45; 2.00] 

NS 2.43
[1.96; 2.90] 

NS 1.46 
[1.35; 1.58]
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Figure 5.4: Acid inactivation kinetics of L. monocytogenes LO28 WT (black) and acid resistant variant 
14 (grey) in BHI set at pH 2.5 by 10M HCl in late-exponential phase (A) and stationary phase (B) at 37°C. 
Biphasic, linear model with shoulder or linear model have been fitted to the inactivation data (solid line) 
depending on the best fitting model. 

Both fits, with and without tail, can be seen in Figure 5.3. Whereas in late-exponential 
phase the difference in heat resistance between WT and variants became smaller 
with higher temperatures, the difference between WT and variant was smaller at 
lower temperatures in stationary phase. This was also reflected by a higher z-value 
in stationary phase for the variant compared to the WT and a higher z-value for the 
WT in late-exponential phase. Also for acid inactivation (Figure 5.4) there was a clear 
difference between WT and variant 14, as well as a clear difference between late-
exponential and stationary phase. Both in late-exponential and stationary phase, the 
increased resistance of the variant was characterized by a longer shoulder period and 
a lower inactivation rate (see Table 5.3). 
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Table 5.3: Inactivation parameter estimates of LO28 WT and variant 14 upon exposure to BHI set to pH 
2.5 by 10M HCl at 37°C in late-exponential or stationary phase by fitting the biphasic model with shoulder 
or linear model to the data

Parameter Late-exponential phase Stationary phase

WT N0 (log10 cfu/ml) 9.8 [9.4; 10.3] 9.5 [9.1; 10.0]

ksens (min-1) 4.98 [2.66; 7.30] 0.81 [0.64; 0.98]

kres (min-1) 0.73 [0.25; 1.21] 0.13 [-0.03; 0.29]

Shoulder (min) 1.7 [1.0; 2.4] 4.8 [2.2; 7.4]

 Resistant fraction 10-4.72 [10-5.92; 10-3.52] 10-5.22 [10-7.22; 10-3.22]

14 N0 (log10 cfu/ml) 9.6 [9.1; 10.1] 10.2 [9.7; 10.6]

ksens (min-1)a 1.66 [0.35; 2.97] 0.27 [0.25; 0.31]

kres (min-1) 0.43 [0.12; 0.74]

Shoulder (min) 5.2 [3.0; 7.4]

Resistant fraction 10-2.46 [10-4.10; 10-0.82]
a k (min-1) for variant 14 stationary phase

Probability predictions

The inactivation kinetics were used to estimate the fraction of the rpsU variant 
within the WT population at any given time during stress exposure. The probability 
of isolating an rpsU variant was evaluated under different stress conditions. To do so, 
the inactivation kinetics displayed in Figure 5.3 and 5.4 were used. The initial rpsU 
variant fraction in an exponentially growing culture was determined as described by 
van Boeijen et al. [11] and estimated to be ~5·10-7 [36].  Two different scenarios are 
shown in Figure 5.5. Figure 5A shows the probability that a heat treatment of 55°C 
would have resulted in isolating an rpsU variant. This probability increases over time 
and has a maximum probability of ~11% after 30 min. At this time point however, 
the total population is already quite small with around 100 cfu/ml. Exposure to pH 
2.5 (Figure 5.5B) gave a different distribution and it can be seen that the probability 
of isolating variants at pH 2.5 had a peak distribution. These data showed that the 
probability of isolating a specific variant highly depends on the inactivation kinetics 
of both variant and WT, the specific process conditions, as well as the initial variant 
fraction within the WT population.
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FFigure 5.5: Probability of isolating rpsU variants upon heat and acid inactivation of late-exponential 
phase cells at 55°C (A) and pH 2.5 (B). The initial fraction of rpsU variants within a late-exponential phase 
culture was estimated to be 5.2 · 10-7 [36]. This fraction, combined with the inactivation kinetics of the 
WT (black line) and rpsU variant 14 (grey line), was used to determine the rpsU variant fraction (dashed 
line) at each time point during the inactivation curve according to the method of Van Boeijen et al. [11].

Chain analysis and validation

The growth and inactivation data were combined to make predictions about 
the behavior of the WT and variant 14 along a simulated model food chain. Due 
to technical limitations of the experimental set-up, the different processing steps 
were adjusted according to the detection limitations. After each step in the chain, 
the predicted N0 was adjusted to the measured N0 for visualization purposes. From 
Figure 5.6 it can be seen that generally higher growth rates and higher inactivation 
rates were predicted for the WT compared to variant 14. In the first growth step, the 
WT data match very well with the prediction, resulting in a Bf of 1.00. The numbers 
for the variant however, are higher than predicted, which leads to a Bf of 0.85 in 
the first step. This is mostly due to the predicted lag time which is not apparent. In 
Figure S5.4, also the prediction without lag time is considered and it can be seen 
that in this case also the variant counts are in accordance to the prediction. The first 
heat inactivation step gave a much higher inactivation than predicted for the WT. 
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Figure 5.6: Performance of WT (black) and variant 14 (grey) along a model food chain. The chain was 
simulated in BHI-M (pH 6.6). Growth and inactivation behavior was predicted (solid lines) based on 
growth and inactivation kinetics as shown in Table 5.1-5.3 and Figure 5.1, 5.3 and 5.4. Predictions were 
validated in BHI set to pH 6.6 by 10M HCl, simulating milk characteristics. In the first growth step an 
average lag time of µ · λ = 2 was chosen and in the growth step after heat treatment a maximum lag time of 
µ · λ = 4. Stress resistance predictions were based on late-exponential phase cells as stationary phase was 
not reached before. Validations were done in single cultures (A: WT, B: variant 14) and in mixed cultures 
(C). Open symbols represent the plate counts and closed symbols the individual contributions of WT 
(black) and variant 14 (grey) in the mixture as deducted from ct values and the standard curves correlating 
ct values to log cfu/ml counts. 
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Also the subsequent predicted lag time (λ · µ = 4) did not seem sufficiently long as 
both WT and variant 14 needed a longer recovery time to resume growth after the 
heat treatment. The acid inactivation step gave a larger reduction in viable numbers 
than predicted, especially for the WT but also for the variant.

Overall, the general trend of better growth for the WT and higher stress resistance 
for the variant was clearly confirmed along this model food chain, although the plate 
counts did not match the predictions very well for every step along the chain model. 
The bias factors indicated a better overall fit for variant 14 than for the WT (Table 
5.4). In the mixed culture (Figure 5.6C), the trend was generally the same as in single 
cultures, but also some differences were observed. Due to the technical limitations of 
the qPCR quantification and PMA method, the counts for WT and variant could only 
be obtained when plate counts were higher than 6 log10 cfu/ml after heat treatment. 

Table 5.4: Bias factors (Bf) and accuracy factors (Af) for WT and variant 14 along a model food chain. The 
chain was simulated in BHI-M (see Figure 5.6). Validations for each step were done in BHI-M for WT and 
variant 14. Bias factors (Bf) and accuracy factors (Af) were calculated for each step separately and for the 
complete chain based on daily measurements

WT Variant 14

Step Af Bf Af Bf

7°C, 4 days 1.02 1.00 1.18 0.85

61°C, 10 sec 1.55 1.55 1.07 1.07

7°C, 3 days 1.20 1.11 1.06 1.05

10°C, 4 days 1.35 1.35 1.14 1.14

pH 2.5, 2 min 2.94 2.94

pH 2.5, 4 min 1.48 1.48

total 1.28 1.24 1.17 1.04

Despite this limitation, faster growth for the WT than variant 14 could be confirmed. 
When the cells started growing again after the heat treatment, the WT in the mixed 
culture reached higher numbers than the WT in single culture. This indicated that 
either the WT was still present in higher numbers after the heat treatment in mixed 
culture compared to single culture, or the WT cells grew faster in mixed culture than 
in single culture. At the end of the ‘single culture’ chain, more cells were present 
of variant 14 than the WT. At the end of the chain in the mixed culture, there was 
a significant amount of cells left and the reduction was similar to the reduction 
observed for variant 14. However, the amount of dead cells in the culture was too 
high (>6 log10 cfu/ml) to confirm that the surviving cells were either WT or variant 
14, as the PMA method does not correctly distinguish dead cells from living cells 
when more than 6 log10 cfu/ml of dead cells are present. 
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Discussion 

This study aimed to quantify the behavior of L. monocytogenes WT and acid resistant 
variants under different environmental conditions, in order to get more insight into 
the potential behavior of these variants in a food chain and during stomach passage. 
The obtained set of fitness and robustness parameters provided more insight in 
the behavior of the different variants and highlighted the diversity within the L. 
monocytogenes population. This diversity was already established qualitatively by 
Metselaar et al. [12], but the current set of parameters provided quantitative data on 
this behavior, which was subsequently used for prediction of population dynamics 
under different environmental conditions. Predictions based on cardinal growth 
parameters and the gamma model confirmed the disadvantage variant 14 has under 
most growth conditions, but also indicated that there are combinations of mild stress 
conditions where the growth rate of the variant and the WT were rather similar. 
The gamma model allowed for prediction of growth under combined mild stress 
conditions, assuming no interaction between the different growth limiting factors 
[37]. The gamma theory is, however, not always pertinent and its applicability seems 
to depend on the organism, as well as on the combination of mild stress factors [26, 
38, 39]. Especially around the growth boundaries, the gamma model has shown poor 
agreement with experimental observations when no synergy factor was included [40]. 
However, for L. monocytogenes amongst others it was shown that further away from 
the growth boundaries, the gamma model without synergy generally performs well 
to describe the combined effect of water activity, pH and temperature on growth [41]. 
Also from the growth validations in Figure 5.2 the gamma theory without synergy 
seems to be valid since the prediction described that data generally well. In BHI-M, 
the variant even grew faster than predicted (Figure 5.2B). A possible explanation 
for this deviation from the model could be that the variant has a slightly lower pHopt 
than the WT, which can be observed in Figure S5.1B. pH 7.3 was considered for the 
WT and all variants and a lower pHopt can lead to underestimation of the growth 
rate around the actual pHopt. A possibility is that  only the mean cardinal parameter 
estimates were included in the prediction. When the lower and upper 95% confidence 
interval of the cardinal parameter estimates were taken into account, the data 
points fell within the prediction (see supplemental data Figure S5.3). Including this 
experimental and biological variability, as well as best- and worst case scenarios for 
the lag time duration, resulted in a very wide prediction interval, but using the upper 
95% limit with no lag time, the prediction can be considered fail-safe. The growth 
rate at 37°C at pH 5.2 was lower than predicted both for the WT and variant, and 
even when taking the 95% confidence interval into account the counts were on the 
lower limit of the prediction. This could be due to the fact that the pH of 5.2, which is 
the most growth limiting factor in this scenario, is in the steep part of the curvature 
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of the cardinal pH model (see Figure 5.1) and accurate prediction is therefore more 
prone to errors. In the mixed cultures, the WT is generally the dominating population. 
As expected, the variant reached stationary phase as soon as the WT reached 
stationary phase, which is most likely due to nutrient limitation. Another interesting 
observation is that variant 14 performed better in BHI-H when mixed with the WT 
than in single culture. This would indicate an interaction between WT and variant in 
mixed cultures and this is a complicating factor in making accurate predictions of the 
population dynamics during growth. Prediction of microbial behavior in a sequential 
chain of growth and inactivation conditions, remains to be a challenge in predictive 
microbiology. The use of accuracy and bias factors on log10 cfu/ml counts instead of 
generation times does not allow for using the criteria for acceptable or unacceptable 
model performance, which are commonly used for generation time validations [42]. 
Nonetheless, these performance indices are useful for getting a quantitative measure 
of model performance and for comparison of performance of different steps along a 
model food chain.  In this study, the use of predictive modelling, combined with a 
validation method based on the genetic background of the rpsU variants, proved to 
provide valuable information on the population dynamics of L. monocytogenes under 
changing environmental conditions, despite the sometimes poor agreement between 
model predictions and validation. Growth phase and growth history are well-known 
factors affecting stress resistance of bacterial cells. Many researchers have shown the 
effect of culturing cells at low temperatures on thermal resistance and the general 
agreement is that D-values decrease with decreasing preculturing temperatures 
[17, 18, 43, 44], which is in accordance to our results. Not only temperature, but 
also other environmental factors, as well as age and growth phase of the culture are 
shown to affect stress resistance [17, 45]. Aryani et al. [46] showed that the growth 
phase is the growth history factor affecting the heat resistance to the greatest extent, 
compared to different temperatures, pH and salt levels during preculturing. In 
the chain model predictions, late-exponential phase cells were used, which were 
even more heat sensitive than the prediction for late-exponential phase cells. This 
indicates a multiplicative effect on heat sensitivity of growth at low temperature and 
late-exponential growth phase. Also the acid inactivation step resulted in a higher 
reduction than predicted. This is most likely also due to the growth at 7°C as Ivy et 
al. showed that L. monocytogenes is more sensitive to low pH when grown at 7°C 
compared to 30 or 37°C, both in exponential and stationary phase [47]. Another 
factor that was not taken into account in the model, but seems to be a major factor 
influencing the performance of the model, is the recovery time that is needed after the 
heat inactivation step. Even the maximum theoretical lag phase (i.e. µ · λ = 4) was not 
sufficient to describe the recovery time after heat treatment, especially for the WT. It 
has been well documented that heat treatment leads to sublethal damage of cells and 
several studies have shown that lag times can vary widely between individual cells 
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in a population, and that the variability in the lag time of single cells increases with 
severity of treatment [48, 49]. With low cell numbers and severe stress treatments, 
the lag phase can increase well above the maximum lag time of µ · λ = 4 that was used 
in the model chain [50]. Also, the recovery conditions play an important role in the 
number of viable cells that can be retrieved after lethal stress treatment [51] and the 
7°C BHI-M which was the recovery conditions in the model food chain is not optimal 
for the cells. The extended time needed for recovery is more pronounced for the WT 
than for the variant since the lag time was predicted to be shorter for the WT after 
heat treatment than for the variant, but the validations showed that the recovery 
times were similar for both types of cells. Like for the growth predictions, only the 
mean values of the parameter estimations were considered in the chain model, as 
this was sufficient to get more insight in the behavior along a series of growth and 
inactivation events. When the aim is to make more realistic and fail-safe predictions, 
the biological variability, reflected in the 95% confidence intervals of the cardinal 
parameter estimates, should also be taken into account. 

Many factors are known to decrease thermal resistance of L. monocytogenes, which 
also seems to be a cause of the overestimation of the numbers of culturable cells in the 
chain model compared to the prediction. Many food products on the other hand, are 
known to increase heat resistance of microorganisms [45, 52]. Validating the current 
chain model in laboratory medium and to take all the different variability factors into 
account was already challenging; translating such a model to actual food matrices 
will be even more demanding. Nonetheless, the current chain model gives a good 
indication of the possible population dynamics along a food chain. For experimental 
reasons the amount of variant and WT were chosen to be the same in the first step but 
the actual rpsU variant fraction in a WT population is very small and was shown to be 
~5 · 10-7 [36]. The probability that an rpsU variant is present in a batch of food product 
therefore depends not only on the environmental conditions encountered, but also 
on the initial contamination level and the batch size. Low contamination levels and 
small batch size will not likely result in selection for stress resistant variants, simply 
because the fraction is too low. The variant fraction can also change upon different 
processing conditions as illustrated in Figure 5.5. On the other hand, small changes 
in variant fraction and in inactivation kinetics, which are also affected by the growth 
history, can dramatically affect the chances that certain processing conditions lead 
to selection of stable resistant variants. Multiple stress cycles may also affect the 
fraction of variants in the population. Van Boeijen et al. [11] reported that heat 
resistant variants were not found after single heat treatment due to low probability of 
finding them, but after a few cycles, the fraction of heat resistant variants increased 
significantly. Also the presence of L. monocytogenes in biofilms was shown to affect 
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the stress resistance of the cells [19]. It is not unlikely that under more stringent 
heat treatment, the variant can become the dominating population and combined 
with its slow growth becomes a persister in industrial settings. In the current study, 
only an rpsU mutant was quantitatively characterized in detail, since this was the 
only variant for which a mutation was known that allowed for discrimination from 
the WT by qPCR. As can be seen from Table 5.1, the other types of acid resistant 
variants show different behavior and are also known to display different degrees of 
resistance [12]. All these different factors need to be taken into consideration when 
making realistic predictions on the population composition of L. monocytogenes 
and the conditions that can select for stress resistant variants. Altogether it can 
be concluded that the increased stress resistance as observed in the variants can 
be considered a trade-off. In the simulated model food chain, the WT clearly has a 
higher fitness, while the rpsU variant is more robust. On the other hand, there are 
combinations of mild stress conditions allowing for equal growth of WT and variant. 
Translation to actual food matrices and inclusion of more factors, like multiplicative 
effects of history on stress resistance and the effect of recovery conditions on stress 
survival, would be the next challenging step in making more realistic predictions on 
the effect of stress resistant variants on population composition in food products and 
processing environments. The current data illustrate the effect that environmental 
factors can have on population dynamics of L. monocytogenes and are a first step in 
evaluating the potential impact of population diversity on food safety.
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Figure S5.1: Maximum specific growth rate (h-1) of WT and eight acid resistant variants under different 
temperature, pH and aw conditions in BHI (reference condition: 30°C, pH 7.3, aw 0.997). Cardinal growth 
parameters were estimated with the secondary growth models in equation 1-3 (--- WT, ─ variants). 
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Figure S5.2: Growth predictions of L. monocytogenes LO28 WT and eight acid resistant variants 
according to the three-phase linear model. Growth predictions were based on cardinal growth parameters 
as shown in Table 1 and the gamma model (Equation 4). Three scenarios were considered: milk (pH 6.6; 
aw 0.997; 7°C) (A), ham (pH 6.0; aw 0.965; 7°C) (B) and BHI at pH 5.2 at 37°C (C).  

.
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Figure S5.3: 95% prediction interval and validations for L. monocytogenes LO28 WT (black, counts 
diamonds) and acid resistant variant 14 (grey, counts squares). Growth predictions according to the 
three-phase linear model were based on upper and lower 95% confidence interval of cardinal growth 
parameters as shown in Table 5.1 and the gamma model. 3 scenarios were considered: milk (BHI-M, pH 
6.6; aw 0.997; 7°C) (A), ham (BHI-B, pH 6.0; aw 0.965; 7°C) (B) and BHI at pH 5.2 at 37°C (BHI-S) (C).For 
each scenario two situations were considered, namely no lag phase (upper line) and a maximum lag phase 
of µ · λ = 4 (lower line). Validations were done by plate counts in single cultures (1) and mixed cultures 
(2). For the mixed cultures, total plate counts (circles) are displayed by the open symbols and individual 
contributions of WT and variant 14 in the mixture were deducted from ct values and the standard curves 
correlating ct values to log cfu/ml counts (closed symbols).
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Figure S5.4: Performance of WT (black) and variant 14 (grey) along a model food chain. The chain 
was simulated in BHI-M (pH 6.6). Growth and inactivation behavior was predicted (solid lines) based 
on growth and inactivation kinetics as shown in Table 5.1-5.3 and Figure 5.1, 5.3 and 5.4. Predictions 
were validated in BHI set to pH 6.6 by 10M HCl, simulating milk characteristics. Two scenarios were 
considered for the growth steps, namely no lag time (upper line) and a maximum lag time of µ · λ = 4 
(lower line). Validations were done in single cultures (A: WT, B: variant 14) and in mixed cultures (C). 
Open symbols represent the plate counts and closed symbols the individual contributions of WT (black) 
and variant 14 (grey) in the mixture as deducted from ct values and the standard curves correlating ct 
values to log cfu/ml counts. 
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Listeria monocytogenes is a robust pathogen and well equipped to adapt to different 
environmental niches. Its robustness and adaptive behaviour make it a difficult 
pathogen to eliminate from food processing environments. L. monocytogenes 
contamination of food products has resulted in numerous listeriosis outbreaks, often 
with severe consequences [1-5]. The public health as well as the economic burden 
of listeriosis outbreaks are high and therefore a lot of research in the last decades 
has focussed on better understanding of the behaviour of this pathogen, which 
ultimately has to lead to better control measures. One of the potential challenges 
in L. monocytogenes control is the presence of stress resistant subpopulations. The 
presence of such subpopulations can lead to tailing of inactivation curves upon stress 
exposure, which can be a major concern in food industry, especially with the recent 
trend towards minimally processed foods. In previous research, inactivation of  L. 
monocytogenes by high hydrostatic pressure (HHP) and heat revealed considerable 
tailing of inactivation curves and stable resistant variants were isolated from the 
tail [6, 7]. Phenotyping and genomic analysis of L. monocytogenes LO28 variants 
revealed great population diversity, including a subpopulation typified by mutations 
and deletions in the ctsR gene. Although alteration of ctsR has been shown to 
contribute largely to the occurrence of stress resistant variants of L. monocytogenes, 
this is thought to be only one of the mutations underlying population heterogeneity, 
and additional genetic variations which lead to increased stress tolerance remain 
to be elucidated. The objective of this research was to extend the knowledge 
on the generation and occurrence of stress resistant variants in populations of 
L. monocytogenes and the mechanisms leading to increased resistance, and 
to investigate the potential impact of the occurrence of these mutations and 
corresponding phenotypes on population dynamics and food safety. The first step 
in this research was to extend the available set of variants obtained after exposure 
to heat and HHP with a set of variants isolated after exposure to acid stress. Also 
acid stress was shown to lead to tailing of inactivation curves and to selection for 
stable stress resistant variants. These acid resistant variants showed both unique 
and overlapping features when comparing them to the previously isolated stress 
resistant variants obtained from heat and HHP treated cultures. Novel information 
obtained in this study includes mechanistic, qualitative and quantitative knowledge 
on L. monocytogenes population heterogeneity which are discussed in more detail 
in this chapter together with the potential impact on food safety. 
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Mechanisms of increased resistance

Genetic background of stress resistant variants

At the start of this research, the only identified mutation in stable resistant L. 
monocytogenes variants was a mutation in the class III heat shock repressor ctsR 
[6, 8-11]. Both heat and HHP exposure were shown to lead to selection for, amongst 
others, these ctsR variants. The ctsR variants showed a multiple stress resistant 
phenotype and a reduced growth rate, which was linked to the increased expression 
of genes encoding Clp proteases, as a result of the defect in repressor function of 
CtsR [11]. Also, the ctsR variants were shown to have a reduced virulence potential 
in a mouse model [12]. The set of stable resistant variants isolated after exposure to 
HHP and heat was extended by variants isolated after acid stress (Chapter 2). Acid 
stress was chosen as it is an important hurdle both in food preservation, as well as 
in stomach passage [13]. In Chapter 2 it was shown that indeed also acid stress leads 
to selection for stable stress resistant variants. This was an important finding as it 
indicated that multiple types of stress can select for stable stress resistant variants. 
The newly isolated acid resistant variants were also resistant to heat and showed 
reduced growth rates, but none of the 23 variants had a mutation in ctsR or upstream 
region. This indicated that, despite similarities with the phenotype caused by a ctsR 
alteration, other mutations are responsible for the observed phenotypes of the acid 
isolated variants. Whole genome sequencing, followed by SNP analysis revealed a 
mutation in rpsU or its upstream region in a large subset of variants. This gene, 
encoding ribosomal protein S21, does not have the obvious link to increased stress 
resistance such as the ctsR mutation has, but the strong correlation between the 
phenotypic cluster of 11 variants and the mutation in the rpsU region of the same 11 
variants indicated that reduction or loss of production of this ribosomal protein is 
linked to the increased resistance of these variants. In Chapter 3, the potential role of 
rpsU mutations on stress resistance was discussed. One of the possibilities is that the 
reduced growth rate of the rpsU variants plays a role in the increased stress resistance 
[14]. From Chapter 2 and 4 it is clear that also in stationary phase, when the cells are 
not growing anymore, the rpsU variants show increased resistance, indicating that if 
growth rate plays a role in the increased resistance of the variants, this is not the sole 
explanation for the observed phenotype. Another possibility discussed in Chapter 3 
is linked to the increased GAD activity which was observed in the rpsU variants and 
some of the other variants as well. It was suggested that the increased GAD activity 
was associated with higher levels of intracellular glutamate supporting increased 
conversion from glutamate to GABA and thereby consuming more intracellular 
protons resulting in better homeostasis of the internal pH [15]. Increased levels of 
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intracellular glutamate would direct to changes in metabolism [16], which is a likely 
scenario, given the phenotypes we observed. On the other hand, the environmental 
conditions also play an important role in the stress resistance of the variants, as was 
demonstrated in Chapters 4 and 5. It was shown that the rpsU variants show highly 
increased acid resistance when grown under optimal conditions, but when grown at 
lower temperature and/or in a low pH environment, they showed only little to no 
increased resistance compared to the WT. Other variants, with unknown mutations, 
were less affected by the environmental conditions. The fact that the environmental 
conditions play an important role in the stress resistance of the rspU variants 
supports the hypothesis that the increased resistance is caused by a metabolic shift, 
which is highly affected by environmental conditions. A microarray analysis was 
performed to get more insight in the mechanisms underlying the role of ribosomal 
proteins in the increased stress resistance. In late-exponential phase cultures grown 
in BHI at 30°C, around 500 genes were significantly up- or downregulated in two 
rpsU variants (variant 14 and 15) compared to the WT, of which about half were 
upregulated and half downregulated. In Figure 6.1 the distribution of the clusters 
of orthologous groups (COGs) that are up- or downregulated in rpsU variant 14 are 
shown. Notably, a similar pattern was observed for variant 15. 

 [J] Translation, ribosomal structure and biogenesis
 [K] Transcription
 [L] Replication, recombination and repair
 [D] Cell cycle control, cell division, chromosome partitioning
 [V] Defense mechanisms
 [T] Signal transduction mechanisms
 [M] Cell wall/membrane/envelope biogenesis
 [N] Cell motility
 [O] Posttranslational modification, protein turnover, chaperones
 [C] Energy production and conversion
 [G] Carbohydrate transport and metabolism
 [E] Amino acid transport and metabolism
 [F] Nucleotide transport and metabolism
 [H] Coenzyme transport and metabolism

Downregulated Upregulated

 [J] Translation, ribosomal structure and biogenesis
 [K] Transcription
 [L] Replication, recombination and repair
 [D] Cell cycle control, cell division, chromosome partitioning
 [V] Defense mechanisms
 [T] Signal transduction mechanisms
 [M] Cell wall/membrane/envelope biogenesis
 [N] Cell motility
 [O] Posttranslational modification, protein turnover, chaperones
 [C] Energy production and conversion
 [G] Carbohydrate transport and metabolism
 [E] Amino acid transport and metabolism
 [F] Nucleotide transport and metabolism
 [H] Coenzyme transport and metabolism

Downregulated Upregulated

Figure 6.1: Up- and downregulated COG categories in rpsU variant 14 in late-exponential phase in BHI 
at 30°C compared to the WT. In total 203 genes were significantly downregulated and 236 significantly 
upregulated. 
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An initial analysis of the transcriptome data showed clearly that carbohydrate 
metabolism and amino acid metabolism are affected in the rpsU variants, supporting 
the hypothesis that the increased stress resistance of the rpsU variants is linked to 
metabolic changes. Another interesting observation is the downregulation of all the 
genes involved in cell motility. This was somehow surprising as all the rpsU variants 
were shown to be motile in Chapter 3. On the other hand, the conditions in the assay 
used in Chapter 3  were different from the late-exponential phase liquid cultures that 
were used for the transcriptome analysis. Also, the reduced expression of motility-
related genes is in line with observations in a ΔrpsU mutant of Bacillus subtilis which 
showed to be immotile [17], indicating a role of rpsU in bacterial motility. Further 
analysis of the transcriptome data and pathway analysis combined with metabolite 
analysis will give more insights in the mechanisms of increased resistance. 

Presence of variants in the population

It was surprising that none of the acid isolated variants had a ctsR mutation, as quite 
some overlapping features between HHP and acid isolated variants were observed. 
Amongst the variants isolated after both types of stress, a large fraction showed a 
multiple stress resistant phenotype (heat, acid, benzalkonium chloride), a reduced 
growth rate and smaller colonies. Since the mutation underlying the increased 
resistance of the majority of the HHP and heat selected variants was not known yet, 
these variants were evaluated on the presence of rpsU mutations as well. In Figure 
6.2 it can be seen that the rpsU mutation was predominantly present in the acid 
isolated variants, but they were also found in two HHP isolated variants and in one 
variant isolated after heat exposure. 

0%

20%

40%

60%

80%

100%

HHP acid heat

unknown
rpsU
ctsR

Figure 6.2: Overview of ctsR and rpsU mutations in L. monocytogenes LO28 stress resistant variants, 
isolated after HHP (n=24), acid (n=23) and heat (n=24) exposure. The conceivable mutations in variants 
with intact rpsU and ctsR genes are classified as ‘unknown’.
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The fact that the rpsU variants were also found after heat and HHP stress suggests 
that these variants are widely present in the population and that different types of 
stress may lead to selection for rpsU variants. Notably, in Chapter 5 (Figure 5.5) it 
was calculated that the probability of isolating an rpsU variant after 8 min at 55°C 
is around 1%, which corresponds with the low number of rpsU variants amongst the 
variants described by Van Boeijen at al. [6] isolated after heat exposure. The data in 
Figure 6.2 and the calculations of the probability to find variants after certain stress 
exposures presented in Chapter 5 suggest that different types of stress can lead to 
selection for the same type of variant and also that the same type of stress leads 
to selection for different types of variants. It remains a pivotal question whether 
these variants are present in the population or if the mutations are induced by the 
stress exposure. In every growing bacterial culture, mutations are introduced with 
a spontaneous mutation rate of around 0.0033 mutations per genome [18]. Some 
of these mutations will not have an effect on the robustness and/or fitness of the 
bacterial cell, simply because they are in non-coding regions of the genome, because 
they do not result in an amino acid change or because they do not affect protein 
function. Some mutations might be deleterious and by the rules of evolution these 
will be generally outcompeted by the majority of the population showing a higher 
degree of fitness [19, 20]. In the case of the stress resistant variants, the introduced 
mutations can be advantageous for the population and prepares the population for 
less favourable conditions. However, these types of mutations are generally a trade-
off and it depends on the environmental conditions if a mutation poses an advantage 
or a disadvantage [21]. One common characteristic of a significant number of the 
rpsU and ctsR mutations is that they are present in a region with a high number of 
short tandem repeats. Many of the ctsR mutations are in the three glycine (GGT) 
repeats and the rpsU mutations in the ribosome binding site (RBS) with many A 
and G repeats (Chapter 3). Various studies indicate that regions with short tandem 
repeats show increased rates of spontaneous mutations through strand slippage 
[22] and that tandem repeats are very common in stress response genes [23]. It is 
possible that this mechanism of strategically located hyper mutable regions for the 
generation of population variability is widespread among several species of bacteria 
[24]. However, not all of the rpsU and ctsR mutations were located in the sequences 
with many repeats, suggesting that the mutations could also be a random event. 
Van Boeijen et al. [6] calculated the chance of random mutations in the ctsR gene 
and this value was very close to the ctsR fraction that was calculated based on the 
inactivation kinetics of the WT and ctsR variant. The chance of rpsU mutations is 
slightly lower due to its smaller gene size, which also corresponds to a slightly lower 
rpsU fraction than ctsR fraction in the LO28 WT population.  It is also well known 
that stress can induce mutations and genetic variation which is often referred to as 
adaptive mutagenesis [25]. This process of adaptive mutagenesis has been defined 
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as a process that produces advantageous mutations during exposure to non-lethal 
stress. Non-lethal stress is also frequently encountered in food products and during 
food processing. The SOS response is thought to play an important role in this 
adaptive mutagenesis in L. monocytogenes [26]. The SOS response is activated upon 
stress exposure and thereby a translesion DNA polymerase with a low specificity is 
activated. This polymerase is prone to introducing errors during DNA damage repair, 
generally resulting in point mutations [27]. This adaptive mutagenesis introduces 
both beneficial and deleterious mutations at the same time, but is thought to increase 
the overall fitness of the population during stress by generating genetic variation [19, 
27]. Although random mutations can occur during growth under optimal conditions, 
adaptive mutagenesis is not very likely to happen during growth to late-exponential 
phase, since no significant stress is imposed on the cells and thus no trigger to activate 
the SOS response. It cannot be excluded that the relatively short lethal acid exposures 
used in our research to isolate the variants causes DNA damage and subsequent 
activation of the SOS response. Altogether, taken into account the abovementioned 
random mutation rates that correspond to the variant fractions, it is conceivable 
that the mutations found in the variants result from random mutations introduced 
during growth that are selected for during stress exposure. It is apparent that next to 
rpsU and ctsR mutations,  other mutations, which are yet to be elucidated, can also 
pose an advantage for L. monocytogenes subpopulations under specific conditions. 

Quantifying population heterogeneity

Non-linear inactivation

The work described in this research, as well as from previously published research 
[6, 7], clearly show that non-linear inactivation kinetics are often observed upon 
stress exposure. No matter the underlying mechanisms of the observed tailing, 
for risk assessors and food producers using predictive microbiology to estimate 
the effect of a certain processing step on the microbial stability of a food product 
this non-linear behaviour is of importance and should be taken into consideration. 
Neglecting the tail can lead to serious overestimation of processing efficiency when 
the tailing effect is bigger than the biological error, and can cause serious problems 
in minimal processing with a narrow margin of safety. It is therefore important that 
accurate models are available to describe non-linear behaviour providing reliable 
estimates of the different model parameters. The model found to best describe 
biphasic behaviour with a shoulder period and which has parameters with a 
biological interpretation is the model of Geeraerd et al. [28]. One drawback of this 
model was that the parameter f, i.e. the resistant fraction, was difficult to estimate, as 
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it gave a wide confidence interval in many cases. Even in cases where visually there 
was clearly a significant two-phase behaviour, the parameter f was found to be not 
significant. Reparameterization of the model is described in Chapter 2 and resulted 
in increased performance of the model and mainly better statistical estimation of the 
resistant fraction parameter. Model reparameterization is often done when a certain 
parameter is not in a similar order of magnitude as the other parameters [29]. The 
reparameterization of the biphasic model is a significant step in better estimation of 
the resistant fraction within bacterial populations. 

Resistant fraction and population composition

From Chapter 5 it is clear that a good estimation of the resistant fraction is very 
valuable when estimating the probability of isolating stable resistant variants upon 
different environmental conditions and when evaluating how different environmental 
conditions can affect the population composition. The kinetic modelling based 
sampling scheme method by Van Boeijen et al. [6] used in Chapter 5 highly depends 
on a good estimate of the initial fraction of variants in the population. Also, the method 
is sensitive to small deviations in the kinetics, which is illustrated in Figure 6.3. 

The inactivation kinetics at pH 2.5 for two rpsU variants (variant 14 and 15) are rather 
similar, but in the case of variant 14 the biphasic model with shoulder gave the best 
statistical fit, and in the case of variant 15 the linear model gave the best statistical 
fit, as evaluated by the F-test and lack-of-fit test. From the data points in Figure 6.3 
it is clear that this difference in best fitting model is mostly due to one outlier of 
variant 15 at 20 min, and the otherwise limited number of data points at the end of 
the curve. When these kinetic parameters are used to estimate the fraction of rpsU 
variants within the WT population, two different patterns are observed. Although 
both of them have a steep peak up after 5 min (which coincides with the transition 
from sensitive to resistant fraction in the WT) the order of magnitude is ~10-fold 
different and the probability curve has a different shape. Figure 6.3 illustrates that 
specific stress and exposure times exist allowing for more efficient selection of stable 
resistant variants. However, care should be taken in the interpretation and factors 
like biological and experimental variability should be taken into account. Large 
variability is often observed upon stress exposure and therefore the probability of 
selecting for certain variants may change from one experiment to the other. This 
is also illustrated by the observation that the probability of finding an rpsU variant 
after exposure to 55°C for 25 min is around 9% according to Figure 5.5, whereas Van 
Boeijen et al. [6] found no stable heat resistant variants under the same conditions. 
This is most likely due to the different method of heat inactivation and the different 
initial level of cells, which highlights the difficulty in predicting the probability 
that stable resistant variants will be selected for. The knowledge on the fraction of
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Figure 6.3: Probability calculations affected by inactivation kinetics and resistant fraction estimate. 
The upper panel shows the inactivation kinetics of variant 14 (purple, diamonds) and variant 15 (green, 
squares) upon exposure to pH 2.5. The left panels show the model fit of both variants and the WT (blue) 
considering the rpsU fraction to be 5 ∙ 10-7. The right panel shows the probability of finding an rpsU 
variant based on the respective inactivation kinetics.

variants with the same genetic background or within the same phenotypic cluster 
within the tail (the total resistant fraction) of the inactivation curve is very valuable 
for making predictions on the population dynamics under industrially relevant 
conditions. From the predictions and validations in Chapter 5, it is clear that not 
only the variability should be taken into account when making predictions on the 
fraction of variants in a population. Also the history and recovery conditions have a 
large impact on the growth and inactivation kinetics and thus on the probability that 
variants are selected for. 
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Heterogeneity as variability factor

Knowledge on variability factors is needed to make realistic estimates of growth and 
inactivation parameters which can be used in exposure assessments or models for 
shelf-life prediction. Many researchers have evaluated and/or quantified different 
variability factors for several microorganisms [30-36]. Population heterogeneity 
and the presence of variants can be considered a variability factor as well, and 
quantification of non-linear inactivation behaviour is therefore of relevance in 
predictive microbiology. Deterministic models, as used in this study, provide a mean 
estimate with a prediction interval of the reduction in microbial load achieved by 
a certain processing step.  Naturally, food processors will rather stay on the safe 
side of this prediction but also do not wish to over-process their products. The 
impact of variability factors on model predictions of L. monocytogenes has been 
quantified by Aryani et al. [30, 31]. The authors quantified and compared the effect 
of strain variability, biological variability and experimental variability on growth 
and inactivation kinetics of L. monocytogenes. Also the effect of growth history on 
stress resistance was evaluated. A series of 20 different strains were included in both 
studies and this provided a range of D-values and cardinal growth parameters and 
the corresponding variability factors, which allowed for prioritization of the different 
variability factors. Growth and inactivation parameters were also benchmarked with 
an extensive set of literature data on cardinal growth parameters [37-39] and D-values 
[40] of L. monocytogenes. This data collection extracted from literature includes 
many different variability factors since the data was obtained from different studies, 
using different strains and different experimental conditions. When the upper limit 
in the range of D-values or growth rates is used, the predictions are conservative 
but can be assumed to be realistic. Quantification of different variability factors is of 
importance to evaluate which variability factors are most important to be taken into 
account when making predictions. To compare population heterogeneity to other 
variability factors, the growth and inactivation parameters obtained in Chapter 5 
were included in the range of the literature values and the 20 L. monocytogenes 
strains used by Aryani et al. [30, 31] (Figure 6.4 and 6.5). 
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Figure 6.4: Variability in the cardinal growth parameters aw, min (A), pHmin (B) and Tmin (C) caused 
by population heterogeneity (white: literature data [37-39], blue: 20 strains Aryani et al. [31], green: 
LO28 WT and eight acid resistant variants). The error bars represent the 95% confidence interval of the 
parameter estimation. 

From Figure 6.4 it is clear that the cardinal growth parameters of the variants mostly 
fall within the range of the literature data with a slight bias upward. This indicates 
that when predicting growth for L. monocytogenes under different processing 
conditions and combinations of hurdles, as was done in Chapter 5, the range of 
literature parameters will provide a safe range. However, when looking at the range 
of 20 L. monocytogenes strains compared to the range of the eight acid resistant 
LO28 variants, it can be seen that the 20 strains comprise a larger variability than 
the variants for pHmin. The variability is comparable for aw min but is split in two groups 
for Tmin giving the variants a larger variability than the 20 strains. Interestingly, 
the group with the higher Tmin mostly consists of the rpsU variants. Also the 95% 
confidence interval for the parameter estimates is larger in the variants, most likely 
due to less data points to which the secondary growth models were fitted compared 
to Aryani et al. [31]. The D-values obtained in Chapter 5 for variant 14 and the 
WT were benchmarked with literature data and the 20 L. monocytogenes strains 
as well. The 20 L. monocytogenes strains were shown to already explain most of 
the variability reported in literature. The bandwidth of D-values for the 20 strains, 
including growth history was the same as for the literature data. When comparing 
the D-values of the WT and variant 14 to the 20 strains and literature strains, it can 
be seen that they fall within the range of the literature but are in the upper range of 
the 20 strains (Figure 6.5). 
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Figure 6.5: Variability in heat resistance, represented by logD60 (log10 min)values from literature, 20 
strains, three strains including growth history, variant 14 and the sensitive and resistant fraction of LO28 
WT, and the combination of strain, history and variants. Error bars represent the 95% prediction interval.

The upper data point in Figure 6.5 represents the resistant fraction of the WT, the 
lower data point the sensitive fraction of the WT and the middle point variant 14. 
The variability introduced by population heterogeneity of one strain is similar to 
the variability of 20 strains and therefore population heterogeneity is quantitatively 
clearly an important variability factor as well, which should be taken into consideration 
when it comes to stress survival predictions. Including individual cell heterogeneity 
into predictive models has received increasing attention in the last years, although 
most studies focus on growth rather than inactivation. Individual cell heterogeneity 
has been shown to contribute to variability in growth and inactivation, thereby 
affecting the outcome of predictive models [41]. It was shown that especially for small 
populations of less than 100 cfu, as is often the case in food products, the variability 
in D-value significantly increases as a result of individual cell heterogeneity [41]. 
One way of including variability into predictive models is to evaluate and prioritize 
different variability factors, as done in Figure 6.4 and Figure 6.5. Subsequently, a 
deterministic approach can be used in which the upper 95% confidence interval of 
the factors contributing most to variability are taken into consideration to make fail-
safe predictions. Another approach, as proposed by Aspridou and Koutsoumanis [41] 
is especially useful for predicting the behaviour of small populations. This involves 
a stochastic modelling approach in which different variability factors are included in 
the probability distribution.     
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Translation to other strains and species

Diversity in other strains 

L. monocytogenes LO28 is not amongst the most resistant L. monocytogenes strains 
[30] but its stable stress resistant variants show resistance levels that are comparable 
to those of strains displaying high heat resistance (see Fig 6.5). Therefore it is an 
interesting point of discussion if this phenomenon is only observed in domesticated 
lab strains or if the same can be observed in strains that are found in food products, food 
processing environments or clinical isolates. The rpsU variant generally displayed 
between 2-3 times higher D-values than the WT, but the D-value of late-exponential 
phase cells at 55°C was 8 times higher. Although not evaluated in this thesis, it is a 
possibility that naturally higher heat resistant strains, for example strain L6 [30] 
also display a similar population diversity and presence of stable stress resistant 
variants. In case that the D-values of such variants are in this order of magnitude 
higher than the L6 WT D-values, they would be outside the 95% prediction interval 
based on literature data of Figure 6.5.  The presence of stable resistant variants in 
populations of such intrinsic resistant strains would increase the range that would 
need to be taken into account in predictive models and risk assessments. Although 
most detailed information on stable stress resistant variants is available for strain 
LO28, also some other L. monocytogenes strains were shown to display population 
diversity. HHP resistant variants were isolated from strain LO28, EGDe and Scott 
A [7, 8, 42], heat resistant variants from LO28 and EGDe [6] and also acid resistant 
variants were isolated from LO28 (this thesis) and EGDe (unpublished data). Both 
ctsR and rpsU mutations were shown to be present in stress resistant variants of 
strain LO28 (Figure 6.1) and EGDe (unpublished data) and ctsR mutations were 
present in Scott A HHP resistant variants [10, 42]. The presence of these different 
variants across different types of stress and different L. monocytogenes strains 
suggests that the generation of stress resistant variants, through introduction of 
mutations, could be a general strategy of the organism to prepare for survival under 
different adverse conditions. Especially with the potentially hyper-mutable regions 
in ctsR and rpsU, which are also present in other L. monocytogenes strains, it is not 
unlikely that the same strategy of survival is deployed by other strains as well. Given 
the low frequency of the mutations found (5·10-7 for the rpsU variants), this strategy 
would only be effective at very high population density. On the other hand, it has been 
suggested that mutation rates can be affected by culture history and environmental 
conditions [43]. It can also be argued that laboratory strains and food isolates or 
clinical isolates have a different genetic elasticity and that strains that have survived 
the complete transmission cycle or are present in very specific niches in food 
production lines, are already genetically adapted to more stressful environments and 
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therefore show less population diversity. We have attempted to get more insight in 
the relative magnitude of population diversity and the presence of stress resistant 
variants in other L. monocytogenes strains in several ways. Firstly, it was attempted 
to construct a ΔrpsU deletion mutant in four different L. monocytogenes strains to 
evaluate the impact of loss of RpsU function on other strains as well and to verify 
the role of rpsU in stress resistance. However, multiple attempts with different 
strategies, constructs and vectors, did not result in successful mutant construction. 
Also, the presence of stress resistant variants in other L. monocytogenes strains was 
evaluated in the same way as was done for LO28 in Chapter 2. Next to assessment 
of inactivation parameters, the presence of acid resistant variants was evaluated for 
late-exponential phase cells of strains F2365 and H7764 upon exposure to pH 3.0. 
Both strains showed significant tailing and strain H7764 had a significantly higher 
resistant fraction than strain F2365 and LO28, which by itself already can have an 
impact on food safety. For strain F2365, one stable highly acid resistant variant was 
isolated after 50 min exposure to pH 3.0 out of the 60 tested survivors from the tail. 
This variant showed a multiple stress resistant phenotype, as previously observed 
for the ctsR and rpsU variants of LO28 and EGDe, but genomic analysis of the rpsU 
and ctsR regions revealed no mutations in these regions. Also some variants with a 
slightly increased stress resistant phenotype were isolated for both strains (5 out of 60 
for F2365 and 2 out of 50 for H7764), some of which also displayed a reduced growth 
rate, like observed for the ctsR and rpsU variants as well. However, these variants 
neither had a mutation in any of these two genes. The fact that also L. monocytogenes 
food isolates seem to display phenotypic and genotypic heterogeneity contributes to 
the concept that this is a general strategy for this pathogen to survive in different 
environments. The fact that only a limited number of variants was found in these 
other strains and that no ctsR and rpsU variants were found, does not necessarily 
imply that there is less diversity within these strains. The method applied here was 
based on isolation of survivors from a random time point in the tail of the inactivation 
curve. However, as is clear from Chapter 5 and Figure 6.3, the probability of isolating 
variants highly depends on the inactivation kinetics and variants can easily be missed 
when the ‘wrong’ sampling point is chosen. To learn more about the abundance of 
these mutations and the effect on population dynamics, a different approach might 
be appropriate. The current method is very labour intense and development of a 
high-throughput screening method would be very beneficial to better evaluate the 
diversity within different L. monocytogenes strains. 
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Diversity in other species

The presence of stress resistant variants is not limited to L. monocytogenes but also 
reported for other microbial species. Most of these other stress resistant variants 
have been isolated upon HHP exposure and have been reported  for  Escherichia coli 
[44], Saccharomyces cerevisiae [45] and Staphylococcus aureus [24]. In addition, 
Salmonella stress resistant variants have been isolated after repeated cycles of pulsed 
electric field (PEF) exposure [46] and acid exposure [47]. Interestingly, none of these 
variants were reported to be ctsR variants, whereas in most cases it was evaluated if ctsR 
was intact or not. The presence of rpsU mutants was not evaluated since the knowledge 
on the potential role of rpsU in L. monocytogenes population diversity was not 
reported before our study and was therefore not specifically tested for. However, some 
information is available on the role of ribosomal protein S21 in other species. A Bacillus 
subtilis rpsU mutant has been characterized in detail by Akanuma et al. [17] and in our 
laboratory (unpublished data). The B. subtilis ΔrpsU mutant showed a reduced growth 
rate, which was more pronounced at lower temperatures, as was also observed for the 
L. monocytogenes rpsU variants. Motility was affected in the B. subtilis ΔrpsU mutant, 
but not in the L. monocytogenes variants. However, the microarray analysis showed 
downregulation of all the motility and flagella related genes in the L. monocytogenes 
rpsU variants compared to the WT (Figure 6.1), suggesting a potential role of rpsU in 
motility in L. monocytogenes as well. The B. subtilis ΔrpsU mutant showed a defect in 
cell separation, resulting in the formation of long chains [48] which was not observed 
in the L. monocytogenes variants. The role of rpsU in stress resistance in B. subtilis 
was not described in literature. We therefore evaluated the heat and acid resistance of 
the ΔrpsU mutant of Akanuma et al. [17] and found no significant difference in stress 
resistance between the mutant and the WT, suggesting no significant role of rpsU in 
stress resistance in B. subtilis. Thus, it seems that mutations in rpsU are not a general 
mechanism of bacteria to generate diversity and a small stress resistant subpopulation 
but it would be interesting to evaluate the effect of rpsU mutations in other species as 
well. If the population diversity is caused by random mutations it is of course possible 
that also in B. subtilis these mutations occur in rpsU, as the similarities are very high 
between the rpsU sequences of the two organisms, including the repeats in which the 
mutations in L. monocytogenes are observed. On the other hand, the surrounding 
genes are different for L. monocytogenes and B. subtilis, which could explain the 
different effect on cellular level and the differences between the role of rpsU in L. 
monocytogenes and B. subtilis. The reduced growth rate, combined with an equal level 
of stress resistance as the WT makes that this mutation does not give a competitive 
advantage in B. subtilis and it is highly conceivable that these mutations will not become 
predominantly present in the population. The occurrence of other mutations that do 
lead to stress resistance and possible competitive advantage cannot be excluded, but 
this remains a topic for future research. 
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Population heterogeneity: Survival strategy and impact on food 
safety

Several survival and adaptation strategies of L. monocytogenes to facilitate its 
transmission from soil to humans have been discussed in Chapter 1. From the work 
presented in this thesis, as well as previously performed research on this topic, it 
can be concluded that also generation of population diversity can be considered a 
survival strategy. This may have implications for food safety, mainly in minimally 
processed foods. Chapter 5 clearly shows that the population composition might 
change following sequential growth and inactivation events, with resistant variants 
eventually constituting a larger fraction of the population. Therefore, it is not 
unlikely that variants become the dominant population in food production lines. 
As suggested by the results in Chapter 5, this highly depends on the number and 
order of environmental niches encountered. This is illustrated by the large impact of 
growth temperature on subsequent stress survival and the effect of stress duration 
and intensity on recovery time and subsequent outgrowth. It is well described in 
literature that all these different factors play a role in stress survival and recovery 
[49, 50]. These factors may be different for different types of variants and therefore 
the environmental conditions determine if a certain type of variant has the potential 
to dominate a population in food production lines. From the work described in 
this thesis it is clear that the benefit of the increased resistance can be considered 
a trade-off, which is in most cases reflected by a reduced growth rate. Also, as can 
be seen from Chapter 4, in contrast to the WT some acid resistant variants do not 
show a strong acid adaptation anymore, resulting in similar acid stress survival 
capacity of WT and variants after pre-incubation at mildly acidic conditions prior 
to lethal acid stress exposure. Most likely the equal survival of the variants as the 
WT in mixed biofilms with Lactobacillus plantarum was a consequence of this lack 
of acid adaptation in these variants. On the other hand, the variants which showed 
an acid adaptation response in planktonic state also showed increased survival in 
these acidic biofilms. The highly increased survival of some variants in these biofilms 
can be considered a potential risk for persistence (Chapter 4) and thus a potential 
threat for food safety. Interestingly, the variants showing the best survival in the 
biofilms were the ones that were shown to score lower on the virulence indicators 
in Chapter 3, highlighting again the trade-off of these variants and the impact of the 
environmental conditions on the food safety risk. Another factor to be taken into 
consideration is that these variants are equally capable of forming single species 
biofilms as the WT. Conditions within a biofilm are often stressful and therefore it 
is not only a risk that these variants are capable of forming biofilms, but also that 
they might be generated within biofilms. It was shown by van der Veen et al. that 
continuous-flow biofilms induced the generation of rifampicin-resistant variants by 
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activation of the SOS-response [51]. Such conditions may also lead to a higher fraction 
of food preservation stress-resistant variants, which in turn pose an additional food 
safety risk upon dispersal from biofilms. However, in assessing the food safety risk 
of stress resistant variants, it is also important to consider their virulence potential. 
It was shown by van Boeijen et al. [12] that none of the variants showed increased 
virulence in a mouse model and that some even showed a lower virulence. As shown 
in Figure 6.2, two of the previously isolated HHP resistant variants appeared to be 
rpsU variants. One of these variants was included in the assay of Van Boeijen et 
al. and showed reduced virulence potential, suggesting that the rpsU variants pose 
a lower public health hazard than the WT. However, the increased acid resistance 
may lead to increased stomach survival can also be considered as virulence factor, 
which was not taken into consideration in the mouse model. In the current work, the 
variants have been isolated after a single stress exposure, but also multiple cycles of 
stress exposure have been shown to result in the isolation of stress resistant variants 
[6]. Both, single and repeated stress exposure can be encountered in food industry, 
and it is therefore important to realise that such conditions can lead to selection for 
stress resistant variants. Another challenge that remains topic for future research 
is the prediction of variant generation within populations. The complexity of most 
natural and food processing environments, providing bacterial cells with different 
degrees of intrinsic stress resistance, and the fact that some conditions may select 
for variants while others might induce generation of variants, make this a very 
challenging topic of research. With the knowledge generated in this thesis, literature 
data and principles of evolution, the model in Figure 6.6 is proposed.

The model illustrates that mutations are either randomly generated, potentially 
with a higher probability in hyper-mutable regions, or induced by stress exposure 
for example by activation of the SOS response. The population thus exists of mainly 
WT cells, but also some cells with a potentially beneficial mutation are present. If 
a mutation is beneficial depends on the species and potentially also on the strain 
and the conditions that are subsequently encountered by the cells. The cells with a 
potentially beneficial mutation will either become the dominant population (rpsU 
under severe acid stress, ctsR under heat stress), stay present in the low fraction 
(rpsU at 37°C pH 5.2, see Chapter 5) or will be outcompeted by the WT or other 
subpopulations (rpsU at low temperature). The proposed model considers the 
presence of stress resistant variants a survival strategy for L. monocytogenes as the 
genetic diversity prepares the population for many environmental conditions that 
can be encountered during the transmission from soil to the human gastro-intestinal 
tract and all the niches in between. 
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Figure 6.6: Proposed model on diversity within bacterial populations affected by environmental 
conditions. Diversity is generated within the population by the introduction of mutations, which can have 
several causes. The environmental conditions subsequently encountered by the population determine if a 
certain mutation is selected for or if variants are outcompeted by the main population or any of the other 
sub-populations.  

Conclusions and future perspectives

This thesis has provided insight in the behaviour of stress resistant variants of L. 
monocytogenes and quantified the potential impact of the presence of stress resistant 
variants on food safety using a food chain modelling approach. It was shown that also 
acid stress leads to selection for stable stress resistant variants of L. monocytogenes 
LO28. This finding, combined with a phenotypic and genotypic characterization, 
and the knowledge on previously isolated stress resistant variants after heat and 
HHP exposure, highlighted the population diversity of L. monocytogenes. It can 
be concluded that the environmental conditions affect the population composition 
and determine if stable resistant variants are selected for. The approach that was 
followed in this thesis was a combination of predictive modelling and acquisition of 
mechanistic knowledge, which proved to be a powerful combination to evaluate the 
potential impact of stress resistant variants on food safety. The inactivation kinetics 
combined with the knowledge on the fraction harbouring the same mutation, and 
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therefore displaying the same kinetic behaviour, helped to make predictions on the 
processing conditions that select for this specific type of variant. Although a significant 
amount of mechanistic knowledge was generated during the course of this research, 
there is still a number of variants for which the underlying mechanisms of their stress 
resistant phenotypes are unknown. Future research will focus on unravelling the 
mechanisms behind these variants, in order to get a complete picture of the different 
mutations leading to a stress resistant phenotype and which conditions select for these 
variants. Another topic for future research is to evaluate if the mutations found in the 
variants are random or if they are directed by the organism through mutation hotspots 
or other mechanisms. More mechanistic knowledge on the generation of population 
diversity might allow for prediction of presence of certain stress resistant variants. At 
the moment it is still challenging to link outbreak strains to specific food products or 
niches in food production lines. Although the phenotypes of ctsR and rpsU variants 
are very different from the WT, they can be genetically very similar to the WT and 
more similar than can be discriminated by most of the currently used molecular typing 
methods. Recent advances and increased accuracy in whole genome sequencing 
(WGS) will undoubtedly lead to further unravelling of the genetic diversity within 
L. monocytogenes populations [52]. Deeper sequencing with higher resolution and 
linking genomic information to phenotypic information will allow for faster screening 
for potentially stress resistant phenotypes within processing plants [53]. Broader 
knowledge on genotypes and the corresponding phenotypes will also give more insight 
in the potential of strains and corresponding variants to become persistently present in 
food production lines. Another point of interest for future research is the translation of 
the knowledge available for L. monocytogenes LO28 to other strains. A more general 
and quantitative picture of population diversity within L. monocytogenes will allow 
for better decision making if population diversity and the presence of tailing is to be 
taken into account as variability factor upon implementation of modified or new food 
processing regimes and technologies. Realistic predictions that allow for integration 
of population diversity and the effect of environmental conditions on the population 
composition still poses challenges that need to be addressed in future research. 

Overall, it can be concluded that genetic diversity is widely present in L. monocytogenes 
populations and that the environmental conditions determine if variants are 
selected for, and their subsequent fate in the food chain. Better understanding of the 
mechanisms underlying increased resistance might provide tools for better control 
of L. monocytogenes. Quantitative knowledge on behaviour and generation of this 
genetic diversity allows for incorporation in predictive models and risk assessments. 
Both quantitative and mechanistic knowledge on stress resistant variants of L. 
monocytogenes are of great importance in minimal processing which aims at 
producing microbiologically stable food products with maintenance of nutritional 
value and better sensory properties. 
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Summary

The increased consumer demand for fresh and healthy products has led to advances 
in minimal processing, which aims at finding the balance between microbiologically 
stable foods while maintaining the characteristics of fresh products. Bacterial stress 
response and heterogeneity therein is one of the biggest challenges posed by minimal 
processing. A heterogeneous stress response can be observed for example as tailing 
of inactivation curves upon stress exposure. The first, steep part of the inactivation 
curve represents the main, stress sensitive part of the population and the second, 
flatter part of the curve represents the small, resistant fraction of the population. 
Heterogeneity and resulting tailing can have several causes and can roughly be 
divided in transient and stably increased stress resistance. Transient increased 
resistance often has a phenotypic or epigenetic background and is lost when the 
cells are cultured and exposed to stress again. Stable increased stress resistance on 
the other hand is caused by alterations in the genome and therefore inheritable and 
stable in nature. The latter type of cells we refer to as stable stress resistant variants. 
Listeria monocytogenes is one of the most robust non-sporeforming foodborne 
pathogens. It can grow and survive under a wide range of environmental and food-
processing conditions. The incidence of L. monocytogenes infections is low, but the 
severity of the disease and the high mortality rate make it one of the top three causes 
of death by foodborne disease. Also L. monocytogenes exhibits a heterogeneous 
response upon stress exposure which can be partially attributed to the presence 
of stable stress resistant variants. Adverse environments were shown to select for 
stable stress resistant variants. Tailing of L. monocytogenes inactivation curves 
upon stress exposure and conceivable roles of stress resistant variants has been well 
established and qualitative data is available for a number of variants isolated upon 
high hydrostatic pressure (HHP) and heat exposure. The objective of the research 
described in this thesis was to evaluate if L. monocytogenes population diversity and 
the presence of stable resistant variants is a general phenomenon that is observed 
upon different types of stress exposure, to get more insight in the mechanisms leading 
to increased resistance and to evaluate the ecological behaviour and potential impact 
on food safety of these stable resistant variants. The approach followed to reach the 
objective was to get more qualitative, quantitative and mechanistic knowledge on the 
behaviour of stable stress resistant variants and to extent the knowledge to another 
type of stress, namely acid stress. Acid stress was chosen as it is an important hurdle 
both in food preservation, as well as in stomach survival.  

In Chapter 2, the non-linear inactivation kinetics of L. monocytogenes upon acid 
exposure were quantitatively described. A commonly used biphasic inactivation 
model was reparameterized, which improved the statistical performance of the 
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model and resulted in more accurate estimation of the resistant fraction within L. 
monocytogenes WT populations. The observed tailing suggested that stable stress 
resistant variants might also be found upon acid exposure. Indeed, 23 stable acid 
resistant variants of L. monocytogenes LO28 were isolated from the tail after 
exposure of late-exponential phase cells to pH 3.5 for 90 min, with different degrees 
of acid resistance amongst them. Increased acid resistance showed to be significantly 
correlated to reduced growth rate. Studying the growth boundaries of the WT and a 
representative set of variants indicated that the increased resistance of the variants 
was only related to survival of severe pH stress but did not allow for better growth or 
survival at mild pH stress. 

In Chapter 3, these variants were further characterized phenotypically and 
cluster analysis was performed. This resulted in three clusters and four individual 
variants and revealed multiple-stress resistance, with both unique and overlapping 
features related to stress resistance, growth, motility, biofilm formation and 
virulence indicators. A higher glutamate decarboxylase (GAD) activity correlated 
with increased acid resistance. Whole genome sequencing of a set of variants was 
performed and revealed mutations in rpsU, encoding ribosomal protein S21.  This 
rpsU mutation was found in all 11 variants comprising the largest phenotypic cluster, 
indicating a potential role of this ribosomal protein in stress resistance. Mutations 
in ctsR, which were previously shown to be responsible for increased resistance of 
heat and HHP resistant variants, were not found in the acid resistant variants. This 
underlined that large population diversity exists within one L. monocytogenes strain 
and that different adverse conditions drive selection for different variants. 

Chapter 4 and 5 focussed on the ecological behaviour and potential impact of stress 
resistant variants on food safety. In Chapter 4, the performance in mixed species 
biofilms with Lactobacillus plantarum was evaluated, as well as their benzalkonium 
chloride (BAC) resistance in these biofilms. It was hypothesized that the acid 
resistant variants might also show better survival in biofilms with L. plantarum, 
which provide an acidic environment by lactose fermentation with pH values below 
the growth boundary of L. monocytogenes when biofilms mature. L. monocytogenes 
LO28 WT and eight acid resistant variants were capable of forming mixed biofilms 
with L. plantarum at 20°C and 30°C in BHI supplemented with manganese and 
glucose. Some of the variants were able to withstand the low pH in the mixed 
biofilms for a longer time than the WT and there were clear differences in survival 
between the variants which could not be correlated to (lactic) acid resistance alone. 
Adaptation to mild pH of liquid cultures during growth to stationary phase increased 
the acid resistance of some variants to a greater extent than of others, which could be 
correlated to increased survival in the mixed biofilms. There were no clear differences 
in BAC resistance between the wild type and variants in mixed biofilms. 
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In Chapter 5, a set of robustness and fitness parameters of WT and variants was 
obtained and used to model their growth behaviour under combined mild stress 
conditions and to model their performance in a simulated food chain. This gave more 
insight in the trade-off between increased stress resistance and growth capacity. 
Predictions of performance were validated in single and mixed cultures by plate 
counts and by qPCR in which WT and an rpsU deletion variant were distinguished 
by specific primers. Growth predictions for WT and rpsU deletion variant were 
matching the experimental data generally well. Globally, the variants are more robust 
than the WT but the WT grows faster than most variants. Validation of performance 
in a simulated food chain consisting of subsequent growth and inactivation steps, 
confirmed the trend of higher growth fitness and lower stress robustness for the WT 
compared to the rpsU variant. This quantitative data set provides insights into the 
conditions which can select for stress resistant variants in industrial settings and 
their potential persistence in food processing environments.  

In conclusion, the work presented in this thesis highlights the population diversity 
of L. monocytogenes and the impact of environmental conditions on the population 
composition, which is of great importance for minimal processing. The work of this 
thesis resulted in more insight in the mechanisms underlying increased resistance 
of stress resistant variants and quantitative data on the behaviour of stress resistant 
variants which can be implemented in predictive microbiology and quantitative risk 
assessments aiming at finding the balance between food safety and food quality. 
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Samenvatting

De laatste jaren is de vraag naar verse en gezonde levensmiddelen sterk toegenomen. 
Dit heeft geleid tot de ontwikkeling van diverse milde conserveringstechnieken 
die als doel hebben om te zorgen voor microbiologisch stabiele levensmiddelen, 
waarbij tegelijkertijd de karakteristieken van verse producten behouden blijven. 
Een grote uitdaging binnen de milde conservering is de stress respons van bacteriën 
en heterogeniteit in deze stress respons. Heterogeniteit in stress respons kan 
waargenomen worden als een ‘staart’ in de inactivatiecurve van een populatie bacteriën 
als deze wordt blootgesteld aan stress. Het eerste, steile gedeelte van de inactivatie 
curve bestaat uit het grootste deel van de populatie, die gevoelig is voor de stress en 
het tweede, minder steile deel van de curve, bestaat uit een kleine sub-populatie die 
resistenter is tegen stress dan de rest van de populatie. Heterogeniteit en deze niet-
lineaire inactivatie kinetiek kan verschillende oorzaken hebben, en grofweg worden 
onderverdeeld in stabiele en niet-stabiele resistentie. Niet-stabiele resistentie heeft 
vaak een fenotypische of epigenetische achtergrond en gaat verloren op het moment dat 
de bacteriën opnieuw aan stress worden blootgesteld. Stabiele resistentie daarentegen 
wordt veroorzaakt door veranderingen in het DNA die leiden tot verhoogde resistentie 
en daardoor is deze vorm van resistentie erfelijk en stabiel. Dit laatste type bacteriën 
noemen we stabiele stress resistente varianten. 

Listeria monocytogenes is een van de meest robuuste, niet sporenvormende 
ziekteverwekkende bacteriën die we kunnen tegenkomen in ons voedsel. Deze 
bacterie kan groeien en overleven onder veel verschillende condities die voorkomen 
in zowel de natuurlijke omgeving, als ook in omgevingen waar levensmiddelen 
worden geproduceerd. L. monocytogenes infecties komen niet vaak voor, maar de 
ernst van de ziekte en de hoge mortaliteit die ermee samengaat, zorgen ervoor dat 
L. monocytogenes in de top drie van levensmiddelen gerelateerde doodsoorzaken 
staat. L. monocytogenes vertoont ook een heterogene stress respons, die voor een 
deel toegeschreven kan worden aan de aanwezigheid van stabiele stress resistente 
varianten. Het is aangetoond dat nadelige condities kunnen leiden tot selectie 
voor stress resistente varianten. Niet-lineaire inactivatie kinetiek als gevolg van 
blootstelling aan stress en de rol van de aanwezigheid van stress resistente varianten 
in L. monocytogenes populaties is vastgesteld in eerder onderzoek. Kwalitatieve data 
zijn beschikbaar voor een aantal varianten die geïsoleerd zijn uit de populatie na 
blootstelling aan hitte en aan hoge druk. Het doel van het onderzoek dat beschreven is 
in dit proefschrift was om te evalueren of populatie heterogeniteit en de aanwezigheid 
van stress resistente varianten een algemeen fenomeen is binnen L. monocytogenes 
populaties dat kan worden waargenomen bij blootstelling aan verschillende typen 
stress. Tegelijkertijd was het doel om meer inzicht te krijgen in de mechanismen die ten 
grondslag liggen aan de verhoogde stress resistentie van de varianten en het ecologische 
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gedrag en the potentiele impact op voedselveiligheid van deze stabiele varianten te 
evalueren. De aanpak om dit doel te bereiken was om meer kwalitatieve, kwantitatieve 
en mechanistische kennis te vergaren over deze stress resistente varianten en om de 
bestaande kennis uit te breiden met een andere vorm van stress, namelijk zuurstress. 
Er is voor zuurstress gekozen omdat dit een belangrijke belemmerende factor is voor 
bacteriën, zowel als conserveringsstap in de levensmiddelenindustrie, als tijdens 
overleving in de lage pH van de maag. 

In hoofdstuk 2 van dit proefschrift is de niet-lineare inactivatie kinetiek van L. 
monocytogenes tijdens zuurblootstelling kwantitatief beschreven. Een algemeen 
gebruikt bifasisch inactivatiemodel dat inactivatie van bacteriën kwantitatief 
beschrijft, is opnieuw geparameteriseerd en dit heeft de statistische prestatie van 
het model verbeterd. Hierdoor kan de resistente fractie binnen de L. monocytogenes 
wildtype (WT) populatie nauwkeuriger worden geschat. De waargenomen ‘staart’ 
in de inactivatiecurve suggereerde dat ook na zuurblootstelling stabiele resistente 
varianten geïsoleerd zouden kunnen worden. Dit bleek inderdaad het geval te zijn, 
en 23 stabiele resistente varianten zijn geïsoleerd na 90 minuten blootstelling vaneen 
laat-exponentiele cultuur aan pH 3.5. Onder de varianten waren verschillende niveaus 
van zuurresistentie. De verhoogde zuurresistentie was significant gecorreleerd aan 
verlaagde groeisnelheid. Na het bestuderen van de groeilimieten van het wildtype 
en een representatieve set varianten kon geconcludeerd worden dat de verhoogde 
zuurresistentie alleen gerelateerd was aan zuuroverleving en niet aan betere groei of 
overleving bij milde zuurstress. 

In hoofdstuk 3 zijn de varianten verder fenotypisch gekarakteriseerd en een 
clusteranalyse is uitgevoerd. Dit resulteerde in drie clusters en vier individuele 
varianten. De fenotypering en clusteranalyse lieten zien dat de varianten meervoudig 
stress resistent zijn met zowel unieke als overlappende kenmerken op het gebied van 
stress resistentie, groei, motiliteit, biofilm vorming, en virulentie indicatoren. Een 
hogere glutamaat decarboxylase (GAD) activiteit was gecorreleerd met verhoogde 
zuurresistentie. DNA sequencing van het complete genoom van de varianten resulteerde 
in identificatie van mutaties in rpsU, een gen dat het ribosomale eiwit S21 codeert. 
Deze rpsU mutatie werd gevonden in alle 11 de varianten die in hetzelfde fenotypische 
cluster ingedeeld waren, wat een aanwijzing is dat dit ribosomale eiwit een rol speelt 
in stress resistentie. Mutaties in ctsR, die eerder gevonden waren en verantwoordelijk 
zijn voor verhoogde resistentie in hitte en hoge druk resistente varianten, werden 
niet gevonden in de zuurresistente varianten. Dit benadrukt dat een grote populatie 
diversiteit bestaat binnen een L. monocytogenes stam en dat verschillende nadelige 
condities tot selectie van verschillende varianten kan leiden. 

In hoofdstuk 4 en 5 ligt de focus op het ecologische gedrag van de varianten en de 
mogelijke impact van deze varianten op voedselveiligheid. In hoofdstuk 4 is gekeken 
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naar de prestatie van de varianten in gemengde biofilms samen met het bederforganisme 
Lactobacillus plantarum. Ook is gekeken naar de benzalkonium chloride (BAC) 
resistentie van de varianten in deze biofilms. De hypothese was dat de zuurresistente 
varianten wellicht beter zouden overleven in de biofilms met L. plantarum, die voor een 
zure omgeving zorgen door de fermentatie van glucose tot melkzuur en daarmee zorgen 
voor een pH die onder de groeilimiet van L. monocytogenes ligt. L. monoctytogenes 
WT en acht zuurresistente varianten waren in staat om biofilms te vormen samen met 
L. plantarum bij 20 °C en 30°C in BHI gesupplementeerd met mangaan en glucose. 
Een aantal varianten was in staat om de lage pH in de biofilms langer te weerstaan 
dan het WT en er waren duidelijke verschillen in overleving tussen de verschillende 
varianten die niet gecorreleerd konden worden aan enkel zuur resistentie of melkzuur 
resistentie. Aanpassing aan lage pH in vloeibare culturen tijdens de groei naar 
stationaire fase verhoogde de zuur resistentie van sommige varianten meer dan van 
anderen. Dit kon wel gecorreleerd worden aan verhoogde overleving in de gemengde 
biofilms. Er waren geen duidelijke verschillen in BAC resistentie tussen het WT en de 
varianten in de gemengde biofilms. 

In hoofdstuk 5 is een serie groei en inactivatie parameters van het WT en de 
varianten verzameld en deze zijn vervolgens gebruikt om hun gedrag te modelleren 
onder gecombineerde milde stress condities, en om hun gedrag in een gesimuleerde 
voedselketen te voorspellen. Dit heeft meer inzicht gegeven in de ‘trade-off’ tussen 
verhoogde stress resistentie en groei capaciteit. Voorspellingen van het gedrag zijn 
gevalideerd in monoculturen en gemengde culturen van het WT en een variant door 
middel van plaattellingen en met qPCR waarbij het WT en een rpsU deletie variant 
onderscheiden werden door middel van specifieke primers. Groei voorspellingen van 
het WT en de rpsU variant beschreven de experimentele data relatief goed. Over het 
algemeen was de variant robuuster dan het WT  maar het WT groeide sneller dan 
de varianten. Validatie van het gedrag in een gesimuleerde voedselketen, bestaande 
uit opeenvolgende groei- en inactivatiestappen bevestigde de trend van hogere 
groeisnelheid maar verlaagde stress resistentie van het WT ten opzichte van de rpsU 
variant. Deze kwantitatieve dataset heeft meer inzicht gegeven in de condities die 
zouden kunnen leiden tot selectie voor  stress resistente varianten in de levensmiddelen 
industrie en de persistentie in de productieomgeving van levensmiddelen. 

Het werk dat in dit proefschrift beschreven staat benadrukt de populatie diversiteit van 
L. monocytogenes en de invloed van omgevingsfactoren op de samenstelling van de 
populatie, wat van groot belang is voor milde conserveringstechnieken. Dit onderzoek 
heeft geresulteerd in meer inzichten in de mechanismen die ten grondslag liggen 
aan de verhoogde stressresistentie van de varianten. Ook  is er meer kwantitatieve 
data verkregen die het gedrag van de varianten beschrijft en kan worden gebruikt in 
voorspellende modellen en kwantitatieve risico analyses die tot doel hebben om de 
balans tussen voedselveiligheid en voedselkwaliteit te vinden.                            
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Overview of completed training activities

Discipline specific activities

Courses

Genetics and physiology of food associated microorganisms VLAG, Wageningen 2010

Management of microbial hazards in foods VLAG, Wageningen 2013

Reaction kinetics in food science VLAG, Wageningen 2012

Advances Proteomics VLAG, Wageningen 2013

Introduction Bioinformatics TIFN, Wageningen 2012

Introduction Phenolink TIFN, Wageningen 2013

Meetings and conferences

ICPMF8, oral presentation Paris, France 2013

Workshop on Advances on Predictive Modeling and Quantitative 
Microbial Risk Assessment of Foods

ESPCA, São Paulo, Brazil 2013

FoodMicro2014, oral presentation Nantes, France 2014

ICPMF9, oral presentation Rio de Janeiro, Brazil 2015

General courses

VLAG PhD week VLAG, Wageningen 2011

Project and time management WGS, Wageningen 2012

Philosophy and ethics in food science VLAG, Wageningen 2013

Supervising thesis students WGS, Wageningen 2014

Career perspectives WGS, Wageningen 2015

Optional courses

Preparation of research proposal WUR,Wageningen 2011

PhD trip 2012 Japan FHM, Wageningen 2012

Organizing PhD trip 2012 Japan FHM, Wageningen 2012

PhD trip 2014 Ireland FHM, Wageningen 2014

Food Microbiology department seminars FHM, Wageningen 2011-2015

TIFN expert meetings TIFN, Wageningen 2011-2015
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